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Abstract
Environmental processes controll ing  trace metal and nutrient 
ch emistry in sediment were in ves tigated in Smeaton Bay and Boca de 
Quadra, two southeast Alaskan fjords. These pristine, non-glacial 
fjords (55°20'N) are located in a rugged m o u n t ain ous  region just north 
of the A1 ask a-B rit ish  Co lum bia  border. Close interval sampling and 
the remote location of the study allowed detailed examination of
biogecchemical cycles in an un per tur bed  system. To do this, for a 
period of three years, spatial and temporal v ari ati ons  in watershed 
inputs, marine primary p rod uctivity, and sediment ge och e m is tr y were 
ex ami n e d .
Unlike t emperate est uar ies  where the rivers are often significant 
sources of nu trients and trace metals, in the Wilson and Blossom
Rivers (which drain into Smeaton Bay), the c on c e n t ra ti on s  and export 
rates of nu trients and copper are low for most of the year. The 
maximum nutrient export from the W i 1 son-Blo sso m system appears to be 
closely tied to the annual salmon cycle. Iron and manga nes e export 
rates from the water she ds are much higher than those for copper,
refl ect ing  sol ubi liz ati on of iron and man gan ese  under reducing
conditions that develop in muskeg ponds during drought periods. The 
associ ati on of metals with org anics allows transport of iron and
possibly other metals throughout the fjord system, in contrast with 
the large-sc ale  removal of metals in or near the river's mouth, 
observed elsewhere.
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Episodic physical mixing and the supply of reactive 
(autochthonous) organic matter are r es pon sib le for the temporal 
variations observed in interstitial water profiles. In the shallower 
areas of the fjords, non-linear log 2 1°Pb profiles and enhanced l37Cs 
pe net ration depths suggest a substantial terrestrial contribution of 
sediment, and mixing c o effi cie nts  ranging from >6 . 6 to >65 c m 2yr _ 1. 
Small scale va ria bil ity  is con sid er ab l e  and interstitial waters are 
greatly under saturated with respect to manga nes e- and iron- p hosphates 
or carbonates. In the deep basin locations, sediment focusing and 
less mixing result in linear log 2 1°Pb dist ri b u t i on s with apparent 
accu mul ati on rates of 88 + 15 mg c m -2 yr - 1 , and re ducing cond iti ons  
near the sedi men t-w ate r interface.
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Preface
SPAWNING
Sleep no longer erases 
the creases
that ripple my forehead
like waves on log strewn shores.
Dreams and salmon c arcasses 
held together by watertight skin 
hang on w in df all s like discarded gloves, 
their eyes hollow, 
their flesh consumed 
by ravens and gulls.
You, I, and thous and s of pinks 
return to Smeaton Bay 
and swim upstream.
No longer hungry,
our tongues are lost in the recesses 
of pleasure swallowed too easily.
Our bloated bodies fight fatigue 
and the current that divides us 
into the flight of eagles 
and the fat on bears and seals.
No burial awaits me
in the loose gravel of the Blossom
or Wilson Rivers.
Instead, crumbling
like the poles of Old Kasaan,
moss will grow on my chiseled face,
its roots holding mud
I've scooped from the flooded valley.
Although the 1007. cotton rag pages of this disse rta tio n will 
certainly last longer than the value of the work they describe, I feel 
this cycle has been closed. Unlike the "humpies" that fertilize the 
streams of my study area after two years at sea, I've been "at sea" 
for 15 years, feeding upon the knowledge, experience, and friendship 
of many people. I am grateful to all of them.
I would like to expr ess  my ap pre ciation to the members of my
graduate advisory committee, who both in div idually and col lectively
insured successful c ompletion of my graduate studies. Dr. David
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Burrell, my committee chairman, gave me almost unr est ri ct ed  freedom to 
pursue my research interests, and through cou ntl ess  di scu ssi ons  with 
him, the scope of my thesis expanded far beyond trace metal chemistry. 
He endured my compu lsi on with respect to work and athletics, while 
re specting both my scientific and philosophic opinions. Dr. Dan 
Hawkins provided encoura gem ent  and practical advice during difficult 
periods of my gra duate career, and through his e nt hu si as m  and example 
made teaching, research, and fun, fully compatible. Dr. Robert
Barsdate tutored me for many hours in the art of respond ing  to oral 
questions, and was instrumental in my passing the PhD compre hen siv e 
exam. Dr. George Kipphut provided me with a s ounding board for 
undistilled theories, a discer nin g eye for o ver loo ked  details of 
global importance, and fresh coffee when I was late staggering into 
work. Dr. Vera Alexander gave me v aluable insight on nutrient cycling 
and many comments that improved the rea dability of this thesis. Dr. 
Joe Niebauer taught me much about est uar ine  dynamics, and Dr. Wait 
Johnson guided me through the murky worlds of m ic ro - c o m pu te r s  and
p o st- def ens e hangovers.
My field work involved 20 cruises to Baca de Quadra and Smeaton
Bay and my co-wor ker s (the "Boca Mafia," as Dave Shaw dubbed us)
deserve special recognition. Frank Flynn, who served as chief 
scientist through the first two and a half years of the the project,
was instrumental in making o p era tio ns go smoothly and efficiently
while acco mod ati ng demands that meant the dif fe r e n c e between just 
c ollecting data and examining s cientific questions. John Smithhisler 
and Page Else were my main assis tan ts during river and watershed
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sampling. Donna Weihs, Barry Hogarty, Terri Palusz kie wic z , Norma 
Haubenstock, Steve Whalen, Carol Winiecki, Bill Kopplin, and others 
shared the ex per iences and r esp ons i b i li ti es  of ti /V Redoubt cruises, 
and all contribu ted  to my research in some way.
My studies at the Institute of Marine Science benefi tte d from the 
a va ilab ili ty of excellent labo rat ory  faci lit ies  as well as faculty, 
students, and staff with whom I could interact. The geo chemistry 
group (which over the years included Jeff Cornwell, Sue Banahan, 
George Kipphut, Dick Stolzberg, Marc Alperin, Bill Reeburgh, Dave 
Blover, Susan Henrichs, Gi Hong, Allen Doyle, Carl Johnston, and 
others) enhanced my research by e xposure to new ideas and different 
perspectives. Marc Alperin, Jeff Cornwell, Steve Whalen, and Carol 
Winiecki provided essential disc uss ion  and criticism. Laurel Hites 
ably dealt with my departmental paperwork. Dr. Bill Reeburgh gave me 
access to his la bor atory's word processor, and Helen Stockholm and her 
P ub lic ati ons  staff (especially Mauri cet te Nicpon) assisted in 
producing the manuscripts from which this disse rta tio n is taken.
This work was funded in part by the U.S. Depar tme nt of Energy 
under contract E (45—1)-2229 awarded to D.C. Burrell. U.S. Borax and 
Chemical Corporation provided logistical support. Personal support 
was provided by an Alaska Sea Grant graduate fellows hip  (for 2 years), 
an Institute of Marine Science graduate fellowship (1.5 years), and a 
Department of Marine Sciences and Limno log y teaching assis tan tsh ip (1 
semester). The Alaska Sea Grant Program assisted in publication 
charges and the Office of Research and Advanced Study provided some 
support toward travel expenses to the 19B4 American Geophysical
Unio n/A mer ica n Society of Lim nol ogy  and O ce ano gra phy  M eetings in San 
Franci sco.
Finally, I thank my family and friends for their encouragement 
and support. I'm especi all y grateful to my parents, Suteo Francis and 
Bessie M. Sugai for their pa tie nce  and understanding.
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1. Introduction
The i mportance of estu ari ne env iro nme nts  as sources and sinks of 
river-d eri ved  trace metals has been w e l 1- d o c u m e n t e d . Re actions within 
the f re sh w a t e r -se awa ter  mixing zone and at the s e di me n t -se awa ter  
interface can d ra ma tic all y alter the flux of dis sol ved  metals reaching 
the open ocean. Laboratory and field studies have been used to 
investi gat e the mixing of river and seawater e n d- me mb er s  in es tuaries 
with often conflic tin g results (e.g. Sholkovitz et a 1 ., 1978; Moore et 
a 1. , 1979; Boyle et a l . , 1982). It is gen era lly  found that the
es tuarine behavior of Mn, Fe, and Cu is n o n - c o ns e r v a t i v e  (Boyle et 
al., 1974) and numerous proc ess es are res po ns i b l e for the observed 
trace metal distributions. Metals may be removed from e stuarine 
waters by fl occ ulation and s edim ent ati on of di ssolved metals in 
a ssociation with colloidal humic acids and hydrous iron oxides 
(Sholkovitz, 1978). The e s t uar ine  metal flux can be increased by 
release of metals from pa rti c u l a te s in the mixing zone (Wilke and 
D a y a i , 1982; Windom et al., 1983) or from e s t uar ine  sediments (Evans
et al., 1977; Trefry and Presley, 1992).
Long term studies n e c essa ry for discer nin g the interactions 
between natural biological and geochemical cycles have been conducted 
almost ex clu siv ely  in shallow, coastal environments, where man's 
impact is a major component of the existing chemical mass balances. 
In many of these shallow environments, benthic proce sse s are occurring 
within the euphotic zone, further compl ica tin g the sediment processes. 
This thesis add resses the r elative importance of trace metal and
1
nutrient -fluxes from the w at ers hed s and se diments of Smeaton Bay and 
Boca de Quadra, two fjords located in a rugged m o u n t ai no us  region just 
north of the Alask a-B rit ish  C olumbia border. At the time this study 
was undertaken, the drainage network and fjord waters of these systems 
were pristine, allowing study of the existing biotic regulation of 
hydrological and bio geochemical parameters. Although this provided 
some analytical and sampling problems, the op p o r t un it y to examine a 
natural fjord over several years outw eig hed  the difficulties.
Fjords are important features on the western coast of North 
America at latitudes greater than 45°N. Geolo gi ca ll y  recent features, 
fjords are c ha rac ter ize d by steep topography, length much greater than 
width, and one or more entra nce  sills restric tin g water e xchange 
between the sub-euphotic basins and adjoining coastal water. These 
ch ar ac t eri sti cs will prove important to this study and will be 
discussed as they apply to p ro ce sse s being examined.
STUDY SITE
Smeaton Bay and Boca de Quadra, two adjacent fjor d-e stu ari es 
carved within the Coast Range batholith during the Ple istocene 
glaciation, are c h a r a ct eri zed  by deep, narrow basins with steep walls 
and sills of glacial origin. Although small active glaciers exist 
within the high relief watersheds, they do not affect stream flo w or 
freshwater chemistry. However, the steep t o pog rap hy limits the river 
drainage areas and minimizes the r esponse time of the rivers to events 
occurring in the watersheds. The natural vegetat ion  is dominated by a 
dense forest of Sitka spruce IPicea s it ch e n s is ) and western hemlock
3(T suga heter p h y 11 a ) with exten siv e regions of poorly drained muskeg. 
The region is charac ter ize d by cool summers, mild winters, and annual 
precipi tat ion  in excess of 400 cm. Soils are highly leached with low 
pH and nutrient values.
Although the c irc ulation of most f jor d- es t u a r ie s is driven by 
freshwater input within the fjords, Smeaton Bay and Boca de Quadra 
appear to be driven "backward", or by low salinit y water available 
outside the fjord. Thus, there is s ubs urf ace  inflow with compensating 
net outflow over the sill. Nebert and Burrell (’1982) suggest that 
this "backward" flow may result in large part beca use  in Boca de 
Quadra and Smeaton Bay, -the tidal volume is much greater than the 
river water entering during one tide. The tidal range in these fjords 
is 2 to 6 m over a for tnightly period, and the tidal volume is that 
range multiplied by the surface area it is affecting. During periods 
of high discharge, Boca de Quadra receives freshwater from the Keta 
and Marten Rivers amounting to only 1.5 to 27. of the tidal volume; 
Smeaton Bay r eceives about 4% of the tidal volume from the Wilson- 
Blossom Rivers under similar c o n dit ion s because its watershed area is 
25.4 times that of the fjord area, whereas the ratio is 10.3 for Boca 
de Quadra. Thus, the driving force su pporting the above-sill 
circula tio n is thought to be the brackish water derived from coastal 
British Columbia.
The deep waters of Smeaton Bay and Boca de Quadra exhibit a 
strong seasonal pattern: a period of deep water renewal begins in
spring and ceases in late summer followed by a period of relative
4isolation. The driving force tor the deep water renewal is the dense, 
deep water formed during spring and summer when continental shelf 
waters enter the adjacent w a t erwa ys because of the cessation of winter 
downwelling (Royer, 1975).
STUDY APPROACH AND EVOLUTION
The initial ob jective of this study was to examine interstitial 
water profiles from different locations in Smeaton Bay and Boca de 
Quadra to d etermine the role of natural organic matter upon trace 
metal diagen esi s in sediments. To do this, I exa mined the sources of 
trace metals and organic matter, speci fic all y river input and primary 
productivity. Chapter 2 e xamines the transport of dissolved organic 
carbon, nutrients, and trace metals from the Wilson and Blossom Rivers 
to Smeaton Bay. The results of the primary pro duc ti vi t y  study as they 
affect sediment chemistry will be discussed in Chapter 3. Early 
results from interstitial water profiles d e mons tra ted  temporal and 
small scale spatial v ari abi lit y in the sediment. These effects could 
not be attributed to s t eady -st ate  chemical p r o c ess es and thus, it 
became nec essary to examine p er t u r b ati ons  on time scales short with 
respect to the r esidence times of r eac tiv e elements. The importance 
of time scales developed into the detailed g e oc hr on o l o gy  study which 
appears as Chapter 3. Finally, in Chapter 4, combining the
ge oc hr o nol ogi es with 3- year time and spatial series of interstitial 
nutrient and trace metal profiles, I estimate the r elative importance 
of physical and chemical pr ocesses upon the observed sediment 
c h e m i s t r y .
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2. Transport of Dissolved Organic Carbon, Nutrients, and Trace Metals 
fro* the Wilson and Blossoa Rivers to Saeaton Bay, Southeast Alaska
Abstract- Regional and seasonal d if fer enc es in chemical input from the 
Wilson and Blossom rivers, two pristine, major s a l m o n - p r o d u c 1 ng rivers 
in southeast Alaska, were examined. For a period of 2 yr, ri verine 
co nce n t r at io n s  of dissolved organic carbon, nutrients, Cu, Fe, and Mn 
were d eter min ed at a p p r ox im ate ly monthly int erv als  and used to 
ca lculate export rates. Because of ex tre mel y high annual 
p reci pit ati on (400-450 cm) and dr ainage basins r e str ict ed by high 
topographical relief, the c o n c en tr a t i o n s and export rates of nut rients 
and Cu in the rivers are low for most of the year. The maximum 
nutrient export from the W i 1 son- Blo sso m system appears to be closely 
tied to the annual salmon cycle. Iron and Mn export rates from the 
wa tersheds are much higher than those for Cu, reflecting 
so lub ili zat ion  of Fe and Mn under reducing c o ndi tio ns that develop in 
muskeg ponds during drought periods. The asso cia tio n of metals with 
organics allows transport of Fe and possibly other metals throughout 
the fjord system, in contrast with the larg e-s cal e removal of metals 
in or near the r i v e r’s mouth, observed elsewhere.
INTRODUCTION
The salmon fisheries of southeast Alaska are a resource of 
enormous commercial, subsistence, and recreational value. However, in 
the decade ahead, mining and logging d ev el o p m e nt s within the 
w a ter she ds of natural salmon rivers will present i nevitable management
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co nflicts for fi sheries officials. Because the stru ctu re of a stream 
e co system is determined by c ha ra c t e r i st ic s  of its dra inage network 
(Hynes, 1975; Vannote et al., 1980), altered land usage can upset the 
existing biotic re gulation of hydrological and biogeochemical 
c ha r a c te ris tic s (Bormann and Likens, 1979). A fluctuating water
regime can d e s t a b ili ze streambed composi tio n and g e o m or ph olo gy causing 
increased erosion and siltation. This reduces the quality of food 
(Sloane-Richey et al., 1981) and habitat (Naiman and Sedell, 1981) 
for salmonid fishes. In addition, significant changes in the 
av ail abi lit y of carbon, nutrients, and trace metals to the stream
system could alter the number of salmon m igrating to the estuary and 
b e y o n d .
In 1980 when I began this study I found no litera tur e on the 
ch emistry of any of the over 2000 sa lmo n- pr o d u ci ng  streams in 
southeast Alaska. Because in creasing development poses an immediate 
threat to an enorm ous ly important fisheries resource, there was a 
pressing need to deter min e the biological and chemical cycles present 
in this environment. A thorough study of a p ris tin e salmon river from 
a watershed p ers pective would be valuable to fis heries managers
re s p o ns ib l e  for r ee s tab lis hin g historical salmon runs, enhancing
depleted stocks by artificial propagation, and managing natural
streams. This study repres ent s a first attempt at quantif yin g some of 
the chemical exports oc curring in a natural salmon stream. To do 
this, I examined the annual transport of dissolved organic carbon, 
nutrients, and trace metals from the Wilson and Blossom rivers.
Because my ob jective was to examine the transport of dissolved
9s ubstances from the W i 1son -Bl oss om river system that were relevant to 
salmonid habitat, I limited my scope to chemical v ariables that would 
yield the most information and serve as models for unmeas ure d chemical 
species. Hence, I studied the carbon and nutrient exports to
determine p ossible restr ain ts on productivity, and the trace metals 
to exam ine  transport mechan ism s of potential toxicants. Copper was 
selected for detailed examina tio n beca use  although it is utilised by 
ph yto pla nkt on as a m icronutrient, at elevated co nc e n t ra ti on s  several 
soluble Cu species are toxic to microfa una  and higher organisms
including fish (e.g. Whitfield and Lewis, 1976; Lorz and McPherson,
1976; C ha kou mak os et al., 1979). Iron and Mn were also chosen for
study because of their involvement in red o x - c ou pl e d  rea ctions and 
because hydrated ferric oxides and manga nes e di oxides can be important 
sc avenging agents for heavy metals (Lion et al., 1982; Olsen et a l ., 
1982) .
STUDY AREA
The W i l so n-B los som  river system (55° 24.8'N, 130° 36.4'W) is
located in a rugged mo unt ain ous  region a p p ro xi mat ely  28 km northeast 
of Ketchikan, Alaska (Fig. 1). The high relief limits the river 
drainage area and mi nimizes the re sponse time of the river to events 
occurring in the watershed. The natural vegetation is dominated by a 
dense forest of Sitka spruce (Picea sitchensis) and western hemlock 
(Tsuga heter p h y 11 a) with exten siv e regions of poorly drained muskeg. 
The region is c hara cte riz ed by cool summers, mild winters, and heavy 
precipitation. Normal annual p r e c i pi tat ion  is 400-450 cm (USDA Forest 
Service, 1979), with October and November usually the wettest months.
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Fig. 1. L o c a t i o n  of study sites on  the W i l s o n - B l o s s o m  River and 
in w a t e r s h e d  of S meaton Bay.
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At sea level most p r e c i pi tat ion  is in the -form of rain although at 
higher e lev ati ons  snow a cc umu lat es between December and April. The 
Wilson and Blossom rivers meet about 0,8 km from Wilson Arm at the 
head of Smeaton Bay (Fig. 2), a steep-walled, g la ci all y formed fjord. 
Physical and chemical c ha ra ct e r i s ti cs  of the rivers are given in Table 
1. Both the Wilson and Blossom rivers exp er i e n c e spring freshets in 
May-June when accumul ate d snow begins melting at higher eleva tio ns and 
strong autumn freshets ( S e p t e m b e r - N o v e m b e r ) during the rainy season 
(Fig. 3). Flows during winter ( D e c e m b e r - A p r i 1) and late summer 
(August) are gen era lly  low except during occasional storms.
The Wil son - B l os so m  river system is a natural salmon stream 
system. Four of five North American species of Pacific salmon are 
commonly found in the Wilson and Bloss om rivers; only sockeye salmon 
(OTtcor hyrichus ner k a) is rare. Pink or humpback salmon (0. gor b u s c h a ) 
is the n u m er ica lly  dominant and c om mer cia lly  most important species, 
followed by chum or dog salmon (0. k e t a ), coho or silver salmon iQ, 
kisutch), and Chinook or king salmon iO. tshanytscha).
MATERIALS AND METHODS
Satp 1 m g  Methods
From June 1980 to August 1982, stations on the Wilson Blossom 
rivers and at selected s i t e s  in the watershed of Smeaton Bay (Fig. 1) 
were sampled at app rox ima tel y monthly i n t e r v a l s  for dissolved organic 
carbon (DOC) and d i s sc 1 ed nutrients; samples for Cu, Fe, and Mn were 
routinely c ollected b e g i n n i n g  March 1981.
To minimize the effects of tidal v ar iat ion s in trace elements
Fig. 2. L o c a t i o n  of stations in Smeaton Bay.
0  1 2  3 4 5kilometers
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Table 1. Physical and chemical characterization of rivers.
Parameter
WRO 
Wilson River
BRO
Blossom River
Stream order3 3 3
Links'3 26 20
2Watershed area (km ) 294 181
Mean annual discharge
t 3(m s ) 33.0C 20.2C
Gradient (%) 1.45 2.52
Proportion of basin 
above tree line (%) 42 51
pH (June 3, 1982) 5.8 6.9
aStrahler (1957) 
b Shreve (1966)
CU.S.D.A., National Forest Service (1982)
Fig.
1981 1982
B l o s s o m  River m e a n  d aily discharge. H i s t o g r a m  shows m o n t h l y  m e a n  v alue for daily discharge. 
P o i n t s  sh o w  m e a n  d aily d i s c h a r g e  on sampling dates.
15
(Boyden et al., 1979), I sampled the rivers within 2 h of high tide. 
Un filtered samples were c ollected a pp ro xi mat ely  0.5 m below the 
surface in an upstream di rertion as far as pos s i b l e away froa the
shore and skiff.
Early results d em on str ate d the need for extr eme  caution against 
c on tam ina tio n in DOC and trace metal samples. Because of the 
potential for c ontamination, most of the trace metal samples were 
c ollected unfiltered. I adopt the convention of Boyle et al., (1977b) 
and report metal co nc e n t r at io n s  as "acid soluble," or those metals in 
the sample that are c onverted to a labile form by a ci dif ica tio n to 
less than pH 2. River trace metal samples were c ollected directly 
into linear p o l y eth yle ne (LPE) sample bottles that had been acid
cleaned for 1 wk. with 6 mol H C 1 - L - 1 , soaked with quartz d o u b l e ­
distilled water (Q water) for several weeks during which the rinse 
water was changed at least four times, and dried at room te mpe rat ure  
in a laminar flow hood (Environmental Air Control, Inc.) in a clean 
room. Acid-was hed  LPE sample bottles were opened below the water 
surface (to avoid c ont ami nat ion  from the surface film), rinsed three 
times, filled a pp rox ima tel y t wo -th ird s full, acidified with Ultrex HCI 
(Baker Chemical Co.), and stored frozen until analysis.
River water samples for di ssolved Cu and DOC were collected from 
below the surface with an acid-cleaned, 20-mL all -gl ass  syringe. Two 
syringe volumes (40 mL) of river water were forced through the syringe 
and discarded. The third syringe volume (20 mL) was forced through 
two combusted Whatman EPM 1000 glass fiber filters preloaded in a 25- 
mm diameter, aci d-cleaned p ol y p r o p yl en e  Swi nnex filter holder
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(Millipore Corp.). Use of two filters allowed using the Swinnex 
holder without the supplied si licone gasket, which was found to be a 
source of metal contamination. After discar din g the first 20 mL of 
river water that was filtered, the next 40 mL was collected for Cu 
analyses in an acid-cleaned, 6 0 - mL LPE bottled, acidified with Ultrex 
rlCl , and stored frozed. Samples for DOC were filtered directly into 
prec omb ust ed 20-mL glass ampules, immediately heat sealed and 
r efri ger ate d in darkness prior to processing. As a precaution against 
ov erl oading the filters, no more than 60 mL was filtered through a 
filter set, and if visual inspection indicated substantial p ar tic ula te 
material a ccu mul ati ng on the filter (the Swinnex holders are 
transparent), a new filter set was used. Samples for inorganic 
nutrient analyses were filtered through a 0.45-um M i l li po r e  filter and 
frozen for subsequent analysis.
A n a l y t i c a l  M e t h o d s
DOC and POC samples w e r e  sealed into 10-mL pr eco mb us t e d  ampules 
on board ship along with 0 . 1  g of K 2 32 Qe and 0.25 mL of 6'/. H SP£U using 
a modifi cat ion  of the p ers ulf ate  oxidation method of Strickland and 
Parsons (1972). To minimize procedural blanks of 0.2 - 0.5 mg C -L— 1 , 
I made a series of three standard a dditions of de xtrose in duplicate 
or t rip lic ate  to each DOC sample and a linear regre ssi on made for the 
10 points obtained. For POC samples, at each station tour r eplicates 
w e r e  filtered through p r e - a s h ed Be 1 man glass fiber filters and sealed 
with K2 S2 0b , H3 P0«, and 5 mL of Q water added with a glass repipette.
Samples were compared with dex tro se standards added to ampules
containing a preashed filter and the other reagents.
Dissolved inorganic and total nut rie nts  were dete rmi ned  by a u t o ­
analyzer. For ammonia, the method used was that of Koroleff (1970). 
Nitrite was d etermined by the Sreiss reaction, as described by 
Armstrong et al. (1967). Nitr ate  is qu an t i t at iv el y  reduced to nitrite 
using copper ize d Cd filings. The inorganic ph o s p ha te  procedure used 
was that of Murphy and Riley (1962).
Iron was analyzed using the ferrozine t e ch niq ue of Stookey 
(1970), as applied to natural waters by Murray and Gill (1978) and 
Gibbs (1979). Copper and Mn d e te rm i n a t i on s were made using a Perkin- 
Elmer model 360 atomic a b sor pti on s pe ct r o p h oto met er and a HGA 2100 
graphite furnace. At least three i njections of each sample were made. 
The r elative standard deviation for Mn using 25-uL injections was 
co nsi st en t l y  less than 5% for samples between 0.8 and 8 u g •L ~ 1 . The 
relative standard deviation for Cu using one or two 50-uL injections 
was a pp ro x ima tel y 15’/. or less for concentrati ons in the range of 0.5 
u g •L~ 1 or 1 e s s .
Daily disch arg e by the Bloss om River was gauged by the U.S. 
Geological Survey at a station establis hed  on Feb rua ry 11, 1981, at
55° 25.34'N, 130° 33.40'E, roughly 1.5 km up stream from station BR0-2
(Fig. 1). To obtain d is cha rge  values for the Wilson River, I used 
computed s y n t h e t i c - f 1ow data (L. Bartos, USDA Forest Service, 
Ketchikan, AK, personal co mmunication) for both the Wilson and Blossom 
rivers to adjust measured 1981-1982 Blossom River flow data for the 
Wilson River. The synthetic flow data were g enerated from input of 
precipitation, dra inage area, propor tio n of basin above tree line,
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proportion of basin in main channel lakes, slope of main channel, mean 
elevation of basin, and south di stance to Dixon entrance.
To calculate the monthly chemical inputs of the Wilson and 
Blossom rivers I used the monthly mean daily d is cha rge  and measured 
concentrations. The mean daily disc har ge of the Blossom River on the 
actual sampling dates (solid circles) versus the monthly mean 
(histogram) is shown in Fig. 3. Because of the close agreement 
between the flow measured on the sampling date and the monthly mean 
(R2=0.91) I feel that my sampling does not reflect ano malous dates 
within a given month. For months in which no actual samples were 
collected, I used a mean between the month pre ced ing  and following.
RESULTS
DOC and POC Concentr ati ons  and Total DOC Export
The DOC c o n ce nt r a t i o ns  of the Wilson and B l o sso m rivers exhibit 
seasonal variations but the annual range is <3 mg C - L ~ M F i g .  4a). The 
Wilson River g enerally has higher DOC c o n ce nt r a t i o ns  (mean 4.0 + 1.1
mg C * L“1 ) than the Blossom River (mean 2.5 + 0.7 mg C - L ~ M .
The POC c o n ce nt r a t i o ns  in these rivers account for less than 10'/. 
of the total carbon. POC values and the DOCiPOC ratios for the rivers 
are shown in Table 2. POC m e asu rem ent s were made in the 1982 field 
season only and may not represent general ize d conditions. The D0C:F'0C 
ratios in the Wilson and Blossom rivers were almost identical in April 
1982, a low-flow period prior to snowmelt at higher elevati ons  of the 
watershed. During the high flow period in June, the DOC:POC ratios of 
the Blossom River (BRO) and the Wi lso n- Bl o s s o m c o nfl uen ce (WBO)
Fig. 4.
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Table 2. POC values and D0C:P0C ratios for river stations, 1982.
Station Location
A.pril 
P0Ca DOC:POC 
mgC *L-1
June 
POC DOC:POC 
mgC"L-1
August 
POC DOC:POC 
mgC*L-1
WBO Wilson-Blossom
confluence
0.14+0.01 30.7 0.18+0.03 15.9 0.16+0.01 15.6
WRO Wilson River 0.22±0.02 22.6 0.15+0.02- 36.3 0.19+0.01 12.1
BRO Blossom River 0.12±0.01 21.4 0.21+0.02 9.8 0.15:0.01 10.4
BRO-2 Blossom River, 
upstream
- 0.16+0.01 16.7 0.15:0.02 10.9
^ e a n  of 4 determinations ± 1 standard deviation.
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decrease, while the ratio for the Wilson River (WRO) increases. In 
August, another low-flow month, the river DDC:PQC ratios are either 
lower than June (for station WRO) or nearly the same (BRO and W B O ) .
The transport of DOC from the rivers to the fjord is bimodai, 
with 30'/. of the annual Blossom River DOC export (Table 3) occurring in 
May and June and 3 7’/. in S e p t e m b e r - N o v e m b e r . For the Wilson River 
(Table 4) 227. of the annual export occurs in May and June and 447. in 
the three autumn months. Thus, for the year between March 1981 and 
February 1982, the Wilson River con tributed 3.25 x 10® mol of DOC, 
while the Blossom River exported 1.19 x 10B mol. As shown in Table 5 
the annual DOC export per unit area of watershed for the Wilson River 
(13.3 g C - m ~ 2 y r _ 1 ) is greater than for the Blossom River (7.9 g C - m ~ 2 
y r " 1 ) .
Nitrogen and Phosphorus Concentr at ions and Annual Exports
There are distinct seasonal v ari ati ons  in dis solved inorganic 
nitrogen and phosp hor us co nc en t r a t io ns  in the Blossom and Wilson 
rivers. Ammonia is ext remely low (< 1 u m o l - L - 1) at the three main 
river stations (Fig. 4b), with peak co nc e n t r at io n s  of 4-6 u m o l - L - 1  
occurring late s um me r-e arl y fall. Phosphate c o n c e n tr at i o n s  (Fig. 4ci 
are near analytical detection limits during most of the year except in 
late summer-autumn. Nitrate + nitri te has a less n oti c e a bl e seasonal 
cycle, with co nc en tr a t i on s ge nerally rising through the fall-winter 
s e a s o n .
The monthly river export rates for nitrate + nitrite (Table 3) 
are highest for the Blossom River in September 1981, a period of high
Table 3. Monthly chemical Input from the Blossom River Into Wilson Arm, March 1981-February 1982.
A n n u a l
Ma r  A p r  M a y  J u n  Ju l  A u g  Sep Oct Nov Dec J a n  Feb E x p o r t
DOC (106 mol) 6.7 7.5 18.8 16.6 12.1 5.9 2 2.3 9.6 12.4 2.7 3-0 1.0 119
N O  + N O  ( 1 0 3 mol) 152 199 488 252 232 171 1520 250 476 103 118 38 4 0 0 03 2
*4 
J4
NH, ( I 0 3 mol) 5.3 11.4 59.5 10.8 167 239 178 24.4 23.6 5.1 5.9 J.9 732
PO, ( 1 0 3 mol) 2.8 0 . 7 5  3.1 5.7 5.3 4.4 11.2 1.1 1.4 0.29 0 . 3 5  0 .12 36.5
C u  ( 1 0 3 mol) 0 . 0 7  0 . 0 6  0 . 4 3  0 . 4 6  0 .37 0 .22 0 . 6 9  0 . 2 6  0 .36 0 . 0 8  0 .09 0 . 0 3  3.12
Fe ( 1 0 3 mol) 34 54 213 117 131 113 394 89 142 31 35 11 1360
Mn ( 1 0 3 mol) 1.8 2.6 7.3 4.7 6.1 5.7 18.1 5.2 7.4 1.6 1.8 ' 0.6 6 2.9
hoho
M o n t h l y c hemical input f r o m  the W i l s o n River into W i l s o n Arm, Ma r c h  1981 - F e b r u a r y  1982.
Mar Ap r M a y Jun Jul A u g Sep Oct Nov Dec Jan Feb
A n n u a l
E x p o r t
mo  1 ) 12. 3 19. 7 36.7 39.6 2 6.8 14.7 60.6 3 7 . 8  47.1 11.5 13.9 4.0 325
1 0 3 mol) 130 169 464 31 88 120 505 191 505 123 148 43 i.520
mo  1) 7.5 24.9 28.7 12.8 276 212 239 17.6 18.4 4.4 5.4 1.6 848
P 0 4 ( 1 0 3 mol) 4 .5 0 .86 0. 0  7.5 4 .8 2.3 29.5 0. 0  2.4 0 . 5 6  0 .67 0.19 53.3
Cu (1()3 mol) 0 . 1 8  0 .09 0 . 6 0  0 . 3 3  0 . 3 6  0 . 3 4  0 .85 0.62 0 .67 0 . 1 6  0 . 2 0  0 . 0 6  4 .46
Fe ( 1 0 3 mol) 74 117 330 121 110 89 370 183 247 60 73 21 1800
Mil ( 1 0 3 i n u l )  2.9 3.8 10.2 5.5 5.1 4.3 8.6 6.9 8.6 2.1 2.5 'o.7 61.2
LO
mean daily discharge. Likewise, -for the Wilson River (Table 4) the 
highest nitrate + nitrite export rates (September and November 1981) 
correspond with peak discharge rates. However, for ammonia the export 
increases in both rivers prior to the h i g h-fl ow times. The maximum 
ph osphate export from the Wilson and Blossom rivers occurs in S e p t e m ­
ber. The annual nutrient expor ts per unit w atershed area are t a b u ­
lated for the Wilson and Blos som  rivers in Table 5.
Annual C o n c entr ati ons  and Exports of C u , Fe, and Hn
Because of highly leached soils and high d is cha rge  rates, the 
c on cen t r at io n s  of ac id- s o lu bl e Cu are extremely low (less than 0.7 
u g - L - 1  or 11 nntol-L- 1 ) (Fig. 5). Based on a limited number of samples 
(Fig. 5b) the p a r t icu lat e Cu phase appears to be more important for 
Blossom River than for the Wilson River. However, because of the 
extremely low levels of ac id- s o lu bl e  Cu, it is d ifficult to discern 
spatial differences.
The seasonal export of Cu r eflects the small c onc en tr at i o n  range 
for the metal and its apparent depen den ce on flow. For the Blossom 
River, 40'/. of the annual transport occurs during May-July and an
additional 227. is removed in September (Table 3). In the Wilson 
River, the export of Cu initially peaks in May, decr eas es somewhat
during June-August, then increases d r amat ica lly  in September and r e ­
mains high through November. During the autumn period 487. of the
annual Cu load of the Wilson River is carried to Smeaton Bay (Table 
4 i . As shown in'Table 5, the annual acid -so lub le Cu exports per unit 
area for the Blossom and Wilson w ater she ds for the year March 1981- 
February 1982 are virtually identical (1.1 mg C u - m _ 2 y r _l for the
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Table 5. Annual chemical export per unit area 
March 1981-February 1982.
for watersheds,
Blossom River Wilson River Nanaimo
(Naiman
River
and
This study This study Sibert, 1978)
DOC , -2 -1 mol m yr 0.66 1.1
^ -2 "Ig C m yr 7.9 13.3 14. 5
n o 3+n o 2 1 "2 -1rranol m yr 22 8.6
mg NO^-M m  ^ yr 310 120 73
n h 4 . -2 -1 mmol m yr 4.0 2.9
mg NH4-N nf2 yr“L 57 40 190
P04
. -2 -1 mmol m yr
-2 -1 mg PO^-P m yr
0.20
6.2
0.18
5.6
Cu i -2 -1mmol m yr
- 7  -img Cu m yr
0.017
1.1
0.015
0.96
Fe . -2 -1mmol m yr
c -2 -1g Fe m yr
7.5 
0. 42
6.1
0.34
Mn i “2 -1mmol m _ yr 0.35 0.21
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Blossom River and 0.96 mg Cu- at- 2  y r - 1  for the Wilson River). In
addition, if data prim ari ly from the 1982 field season are used to
calculate annual export rates (September 1981-August 1982), the r e ­
sults are unchanged. For the latter period the Cu export rate for the 
Blossom River is 1.1 mg C u - m - 2  y r - 1  and for the Wilson River is 
0.91 mg C u - m - 2  y r - 1 .
The curves of a c i d-s olu ble  Fe (Fig. 6a) and aci d- so l u b le  Mn (Fig.
6b) versus time are very similar. The dominant peak in co ncentration
for both Fe and Mn occurs in S ept em b e r - Oc to be r  when the autumn rains 
flush the watershed.
The export rates of a ci d- s o l u b le  Fe from the Bloss om and Wilson 
rivers have sharp peaks in May and September, r ef lec tin g the seasonal 
peaks in c o n c en tra tio n as well as flow. Sixteen percent of the B l o s ­
som River export of Fe occurs in May and 297. in September, In the 
Wilson River, the Fe transport r.ate can be grouped as follows: 187. in
May and 447. between September and November. The annual Fe export for
the Blossom River is 0.42 g F e - m - 2  y r - 1  and for the Wilson River is
0.34 g F e - m ~2 yr - 1 .
The Mn export from the Blossom River is greatest in September
(297.). For the Wilson River 177. of the Mn export occurs in May, 14/1
in September, and 147. in November. However, the export rates remain 
r elat ive ly high throughout the summer and fall for both rivers. The 
annual Mn export rate for March 1981 - February 1982 is 19 mg M n - m - 2  
yr - 1  for the Blossom River and 11 mg M n •m ~ 2 y r - 1 for the Wilson River.
3.6
3.2 
2  8  _
2 4 L
2.0  -
1.6 E
1.2 -  
0.8 
0 4 
0 0
180 
160 
140
120
100  j -  o80  E 
60  -  
4 0  
20 
0D J F M A M J J  A S O N D J F M A M J J A  
1981 1982
Fig. 6. a. A c i d - s o l u b l e  Fe vs. time for W i l s o n - B l o s s o m  confluence, Bl o s s o m  River, and Wils o n  River.
b. A c i d - s o l u b l e  M n  vs. time for W i l s o n - B l o s s o m  confluence, B lossom River, and Wils o n  River.
IxJ
200 180 _ . 160 ^ T j 140
—* c p 1 2 0
° 3 l 0 0  80  60  40  
20 
0
l— I— i— i— i— i— i— i— i—5 i i i i i i i i i i— r
a>□ U_
o
<
o Wilson- Blossom Confluence,© -WBQ.a Blossom River, BRO 
^ Wilson River, WRO
■ » i i___i___i___i___i___i___i___I— I— i___i— i— i— i— i— I— L
tS3
00
29
DISCUSSION
D i s s o l v e d  and P a r t i c u l a t e  Car bon
Although mean DQC co nc en t r a t io ns  for the Wilson and Blossom 
rivers are less than the world average of 5.75 m g O L - 1  (Meybeck,
1982), high dis cha rge  rates from relativ ely  small basins result in
high DOC export to Wilson Arm and Smeaton Bay. The DOC exports of the 
Wilson and Blossom rivers are e xc e p tio nal ly high compared with other
North American rivers with c om par abl e watershed areas, only the 
Nanaimo River, a sixth-order stream on the east coast of Vancouver 
Island, British Columbia, has transport rates for DOC that are 
comp arable with the rivers I studied. The Nanai mo River, which drains 
394 k m 2 of mou nta ino us terrain, t ransports 14.5 g C - m ~ 2 y r ~ l as DOC 
(Naiman and Sibert, 1978), which is roughly equiv ale nt to the export I 
obtained for the Wilson River. Because the N ana imo  River has some 
hydrologic c ha ra c t eri sti cs similar to my study area, I have presented 
chemical exports from this river with those I obtained from the Wilson 
and Blossom rivers (Table 5).
Of the two rivers studied, the Wilson River has a lower gradient 
basin and more watershed area below the tree line (Table 1); this 
results in the high DOC c o n ce nt r a t i o ns  and lower pH values found in 
the Wilson River. In addition, the D0C:P0C ratio for the Wilson River 
is gen erally greater than for the Blossom River, suggesting that 
biological processing of par ti cu l a t e  organic material within Wilson 
Lake may be occurring. The DGC:P0C ratios observed in this study are
similar to those reported for tundra and wetla nds  (Schlesinger and 
Melack, 1981).
Nutrients
The seasonal pattern for transport of ammonia, phosphate, and 
nitrate + nitrite reflects not only the bimodal d is ch arg e pattern but 
also the s ign ificant n onw eat her ing  source of ammonia and phosphate. 
The ammonia c on cen tra tio n pattern we observed in the Wilson and 
Blossom rivers (Fig. 4b) is unlike that in the Nanaim o River (Naiman 
and Sibert, 1978), where maximum ammonia c o n c e nt ra ti o n s  occur in 
January and April. The late summer ammonia peaks in the Wilson and 
Blossom rivers are also seaso nal ly anomalous when one con sid ers  the 
ratio NhU- N/D IN (where DIN is the total dissolved inorganic nitrogen,
N H 4 -N + N 0 Z-N + N 0 3-N). Meybeck (1982) determ ine d that a median value
of NH a-N/DIN for un polluted rivers is likely to be a pp ro xi mat ely  0.15 
and for u npolluted p re ci pi tat ion  0.55. The measured rainfall NHa- 
N/DIN ratio for the W i l s on - B l o s so m w at ers hed s is 0.44 in March 1981 
and 0.30 in Sep tember 1981. The ri ver ratio is less than Meybeck ‘ 5 
median value except for the late s u m m er- ear ly fall period. In
September 1980, August 1981, and August 1982, the N H * -N/ DIN  ratio is 
a pp r o x ima tel y 0.6 for all river stations. This ratio is approxi mat ely  
0.04-0.1 for the Nanaimo River in August and September. Because in 
pr istine waters ammonia is present when nit rog eno us organic matter is 
decomposing, po ssible sources are terrestial plant material and 
spawning salmon that return to these rivers between late July and 
S e p t e m b e r .
In 1980 and 1982, the seasonal phosphate pattern parallels
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ammonia for both the Wilson and Blosso m rivers (Fig. 4c), with maximum 
phosp hat e occurring at a time when DOC (Fig. 4a) and stream flow (Fig. 
3) are r elatively low. I beli eve  that d e c om po sit ion  of spawned salmon 
is the most likely explanation for the observed nutrient peaks because 
(1) the DOC export from the terrestrial environ men t is low during the 
brief drought period in late summer, (2 ) cal cul at io ns  show that salmon 
can account for the observed con cen trations, and (3) streams without 
salmon do not exhibit ammonia and phosp hat e peaks in late summer.
The importance of salmon carcass d ec om po sit ion  on the p hosphorus 
cycles of a subalpine stream (Richey et al., 1975) and an Alaskan lake 
(Donaldson, 1967) has been demonstrated. Richey et a l . (1975)
c alculated that a spawning popula tio n of 14 000 sock eye  salmon (0. 
Tierka ) are r es pon sib le for an increase of p ho sph oru s of 4.3 u g •L ~ 1 in 
Taylor Creek, California, during the period D e c e m b e r - M a r c h . They 
reported that this calcu lat ed increase compares well with a measured 
di ffe ren ce of 6 u g - L ~ 1 between u pstream (no salmon) and downs tre am 
phosphate. I suggest that the much larger number s of p red omi nat ely  
pink salmon in the Wilson and Blossom rivers are largely respon sib le 
for the Au gus t-S ep te m b e r  in creases in nutrient concentrations.
The Alaska Department of Fish and Same conducts aerial surveys of 
major salmon streams on a weekly or biweekly basis throughout the 
major spawning pericd. Their peak escapement numbers represent the 
highest 1-d count ct salmon based on these surveys. The peak 
escapement values for the 1980 season were 192 000 mixed pink and chum 
salmon for the Wilson River on August 3 (4 d before my August river 
sampling) and 65 800 for the Blossom River on August 12 (5 d after my
32
sampling). These numbers are somewhat m isl e a di ng  because fish 
observed in the area seaward of the c o nfl uen ce of the Wilson and
Blossom rivers are counted as Wilson River s pawners when in fact a
significant portion of the fish will spawn in the Blossom River.
Thus, the peak escapement numbers may u n de r e s t i ma te  fish returning to 
the Blossom River. In the 1981 season, the peak e scapement to the 
Wilson River was 135 000 on August 18 (6 d after my sampling) whereas 
the Blossom River peak was 51 400 oc curring on August 8 (3 d before my 
sampling). In the 1982 season, the peak escapement for both rivers
occurred on August 16 (9d before my river sampling) and was 18B 000
for the Wilson and 116 000 for the Blossom (P. Doherty, Alaska
Department of Fish and Game, Ketchikan, AK, personal communication). 
Because of the large number of fish in the river at one time and
because pinks die within a few days after spawning, it is often
difficult to discern live from dead fish in aerial surveys. However, 
to illustrate the rapid demise of the spawning salmon, a survey by 
foot of the Blossom River on August 31, 1981 (23 d after the peak
escapement of 51 400), reported 2367 dead salmon out of 6434 total
fish (Jones and Dangel , 1982).
To make a rough calc ula tio n of the potential nutrient flux due to 
decompo sin g salmon, I let 3 x 10° fish represent a combined Wilson- 
Blossom fish count for August 1982. The mean flow rates for these
rivers are 20.4 and 12.9 m 3 s ~ 1 , respectively. Assuming that most 
d ec omp osi tio n occurs within a month, then 8.9 x 10 l° L of river water 
will be affected. Mature pink salmon weigh between 1.36 and 3.18 kg 
and are the smallest of the salmon species. Thus, I assume the
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average fish in a mixed pink and chum a ss emb lag e is 2.3 kg and
composed of 1.37. nitrogen (Parsons et al., 1977) and 0. 387. phosph oru s 
(Donaldson, 1967). Therefore, an order of ma g n i t ud e measure of the 
potential input of nitrogen and p hos pho rus  from d ec o m p osi ng salmon is 
0.1 mg N - L - 1  (7.2 u m o l - L - 1 ) and 29 ug P - L - 1  (0.9 u m o l - L - 1 ),
respectively. Although it can be argued that a portion of the
returning salmon is consumed by p r e d ato rs and sc ave ng er s  (e.g. bears, 
eagles, ravens, gulls, seals), my c a l c u la ti o n s  indicate that the
potential s a l m o n -sup pli ed nitrogen and p hos pho rus  can account for the
observed increases in ammonia and pho sph ate  concentrations.
I believe that the salmon must c ont rib ute  s i g n i fi can tly  to the 
nutrient export from the Wilson and Blossom rivers becaus e in addition 
to my rough calculations, I have not observed a similar nutrient 
increase in streams without salmon. The stream dr aining Lake 793 
(station 793-1 on Fig. 1) does not support salmon because of steep 
falls above Wilson Arm but does receive large q ua nti tie s of 
terres tri all y derived DOC. On August 27, 19B2, this station contained 
a 6 . 8 mg C - L - 1  as DOC but only 0.05 umol phosphate- L - 1  and 0.25 umol 
ammoni a* L - 1 .
Trace Metals
Of the three trace metals examined, the river co nce nt ra t i o n s of 
a ci d-s ol u b l e  Cu were low and flow dependent; the co nce nt ra t i o n s of 
a c i d-s olu ble  Fe and Mn were higher and more season all y variable than 
Cu. More of the a c id- sol ubl e Cu was in the di ssolved form for the 
Wilson River than for the Blossom River, s uggesting that Wilson Lake
may retain or s olubilize p a r ti cul ate  Cu as well as POC. Biological 
reduction of Mn oxides and Fe oxides during d e c om po sit ion  of organic 
matter in muskeg ponds is pr obably resp ons ibl e for s easonally high 
river c o nc e n t r a ti on s  of Mn and Fe. The highest co nce nt ra t i o n s of 
ac id-s olu ble  Fe and Mn were obtained from a sample co llected at WM-2, 
a muskeg pond in the Wilson River watershed on October 16, 1981.
Conditi ons  in the pond were highly reducing (hydrogen sulfide was 
present) with much suspended material in the water. On that day, the 
acid -s ol u b l e  Fe c onc ent rat ion  was 10 560 u g - L _1 (189 u m o l - L ~‘) and the 
ac id-s olu ble  Mn concent rat ion  was 71.5 u g - L - 1  (1.3 u m o l -L ~ l).
Effects of Ri ve r - D e ri ve d  Organic Hatter o t i  Transport of Tr ace Metals 
to St eat on Bay
The amount and lability of organic material avail abl e to rivers 
and streams draining into Wilson Arm and Smeaton Bay appear to 
influence the extent of metal transport to, and r e a cti ons  within, the 
f r es h w a te r- es t u a ri ne  mixing zone. In the absence of primary 
productivity, dissolved phos pha te in the f r e s h wa te r- e s t u a r i n e  mixing 
zone can be described by c o n s e r v a t i ve  (Boyle et al., 1974), two end- 
member dilution proce sse s (Fig. 7a). Samples col lec ted  on October 16, 
1981 show a linear increase in ph osphate (R2 = 0.90) with increasing 
salinity. The behavior of Fe is less clear. A c i d-s olu ble  Fe 
decreases only slightly with increasing salinity (Fig. 7b), in 
contrast with the large-s cal e removal of metals in (Eaton, 1979) or 
near the river's mouth that has been observed else whe re (e.g. Boyle et 
al., 1 977a; Sholkovitz, 1973; Bale and Morris, 1981; Wilke and Dayal , 
1982). This suggests that f loc cul ati on does not rapidly remove Fe
SALINITY (%o)
Fig. 7. a. Di s s o l v e d  inorganic p h o s p h a t e  vs. 
b. A c i d - s o l u b l e  Fe vs. salinity.
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■from fjord waters, a situation observed by Mayer (1982) in the Gulf of 
Maine. Additional evidenc e for the import anc e of organics in 
retaining Fe in solution was obtained on August 5, 1981, the day of a
heavy summer rain after an extended drought period. After the rain
stopped, a ci d-s olu ble  Fe c on cen tra tio n at station WA2B was 272 + 0
u g- L - 1  (Fig. 2). The Fe c on ce n t r a ti on s  at WA2 and WA1 were 251 + 1 
and 246 + 14 u g■L ~ 1 , respectively. Water from SBI on the following 
day had an a c id -so lub le Fe c o nce ntr ati on of 164 + 2 u g - L - 1 . Clearly, 
a m e c han ism  exists for t ran sporting Fe t hroughout and perhaps beyond 
the fjord system.
P o s s i b l e  Cor i  s e q u e n c e s  o f  T r a n s p o r t
The timing of exports of DOC, nutrients, and trace metals in the 
Wi ls on - B l o ss om  system, observed in the 1981-1982 water years, may be 
optimum for perpe tua tin g an eco sys tem  suitable for salmon survival.
Higher levels of ammonia and phosphate are made available to 
intertidal areas at the same time that humic c o n c en tr at i o n s are the 
lowest. The presence of intensely colored, di ssolved humics in the 
surface waters of Wilson Arm severely reduces primary p rod uctivity 
relative to that in areas farther from freshwater influence. It may 
restrict primary p r o duc tiv ity  in the intertidal region to an equal or 
greater extent. In August 1982, the surface carbon uptake rate was 
4.32 + 0.24 mg C • L - 1 h ~ 1 at WA2 (Fig. 2) compared with 1.68 + 0.47 mg
C - L - 1 h - 1  at 3B1, a station with much higher seasonal carbon uptake. I 
suggest that this increased late summer p rod uc ti v i t y may be a response 
to the riv er- sup pli ed nutrients. Another c on sequ enc e of the flow
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regime in the Wilson and Blos som  rivers is that the c onc ent rat ion  of 
Cu, a pot ent ial ly toxic metal, is low during low di sch arg e periods. 
Because the net effect of decre ase d river flow is an increase in water 
residence time, it is d e s irab le that metals such as Cu be low, 
espe cia lly  since humic com pou nds  capab le of making the Cu bio logically 
unav ail abl e are at a minimum during low-flow periods.
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3. Effects of Physical Mixing Upon Seochronologies and Trace Metal 
Distributions in Sediaent froa Two Southeast Alaskan Fjords
Abstract- The influence of physical mixing upon the sediment from two 
pristine fjords in southeast Alaska was examined by determining the 
2 1°Pb, 137C5 , and trace metals d i s tr ib uti ons  in cores collected from
t e r r e s t r i a l 1y - i n f 1uenced and basin locations. In the shallower areas 
of the fjords, non-linear log 2 l o Pb p rofiles and enhanced l37Cs 
p enetration depths suggest a substantial terrestrial contribution, and 
sediment mixing c o eff ici ent s ranging from >6.6 to >65 c m 2yr _ 1. 
Sediment focusing and reduced mixing in the basin areas result in 
linear log 2 1°Pb d is tr ib uti ons  with apparent acc um ul a t i on  rates of 88 
+15 mg c m~ 2 v r -1 and reducing condit ion s near the sediment- wat er 
interface. Comp ari son s between sediment a c c umu lat ion  rates obtained 
from 2-layer and constant specific activity models indicate that at 
some shallow locations erosion and/or deep mixing has occurred. At 
one basin site in Smeaton Bay, an episodic slump of a pp ro xi mat ely  10 
cm of material is documented by 2 lo Pb, 137 C s , and trace metal profiles 
taken over a period of 2 years. These data suggest that time-av era gin g 
of physical mixing events in fjords can be treated by simplified 
mixing models formulated for b i o t u r b a t i o n , as long as sedimentation 
rates are relatively high and ancil lia ry data are avail abl e to verify 
assumed mixing processes.
INTRODUCTION
Interest in the fate of reacti ve chemical species in recently 
deposited sediments nas re sulted in the need for accurate sediment
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a cc umulation rates. 2 1°Pb and l37Cs g eo ch ro n o l og ie s have been used 
with varying degrees of success to examine recent sedimentary 
processes in a number of different e nv ir onm ent s (Livingston and Bowen, 
1979; Smith and Walton, I960; Carpenter et al.,1981; Beasley et al., 
1982; Chanton et al.,1983). Because the supply of 21°Pb to the marine 
environment is usually assumed to be steady state over the time scale 
of decades, while the intr odu cti on of b om b- pro duc ed l37Cs is highly 
time dependent, comparing pro files of these two tracers can give 
independent esti mat es of sediment accumulation. However, 2 to Pb and
137Cs dis t r ib ut io n s  in estu ari ne sediment can be influenced by: (1)
episodic deposition of sediment by slumping or major storms, (2) 
erosional events such as scouring or dredging, (3) h om oge niz ati on of 
sediment by physical or biological mixing, and (4) seasonal v ariations 
in deposition of t e r r es tr i a l l y- de r i v e d  material. Such n on-steady state 
processes may pre clude a ccurate s edi men tat ion  rate d ete rmi nations, but 
unders tan din g their effects upon ge och ro no l o g i es  gives information on 
processes affecting sediment in these dynamic systems. In this 
chapter, I report the i nfluence of physical mixing upon the 2 1°Pb, 
137Cs, and trace metal di st r i b u t io ns  in sediment from two pristine 
fj ord -e st u a r i es  in southeast Alaska. High latitude fjords are 
p ar tic ula rly  subject to slumping because of their steep sides and
se asonally pulsed inputs of fresh water. However, the depth of the 
basins, and the low water t emp er a t u r es  throughout the year, minimize 
the effect of bioturbation. By examining cores from both 
t e r r e s tr ia l l y - i nf lu e n c e d  and deep basin locations, I present data 
su ggesting that t ime- ave rag ed physical mixing events in fjords with
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high sedim ent ati on rates can be treated by existing models formulated 
for b i o t u r b a t i o n .
STUDY AREA
Smeaton Bay and Boca de Quadra (Fig. 1) are two adjacent fjord- 
estuaries (55°20'N ) located in a rugged mo unt ain ous  region just north 
of the A l a s k a-B rit ish  Columbia border. Smeaton Bay co nsists of a 
single 240 m deep basin, defined seaward by a 140 m deep entrance 
sill, and landward by abrupt shoaling into Wilson and Bakewell Arms. 
The Wilson and Blossom Rivers meet about 0.S km from Wilson Arm and 
provide a mean annual dis charge of 53.2 m3 s-1 to the 22 km long fjord 
system. Fresh water input at the head of Bakewell Arm is minimal.
Boca de Quadra is a 60 km long, three-ba sin  system which has riverine
input from the Keta River at the head, and from the Marten and Red 
Rivers at the head of Marten Arm. The combined Marten and Red River 
mean annual disc har ge of 56 m 3 s _1 is a p pro xim ate ly 2.4 times the mean 
Keta River flow. Unlike Wilson and Bakewell Arms where the bottom 
cont inu ous ly shoals from Smeaton Bay, Marten Arm c onsists of a 208 m 
basin that shoals in both landward and seaward directions. The deep 
(370 m ) , central basin of Boca de Quadra is sep arated from the well- 
mixed outer basin by a 35 m deep sill. S chematic longitudinal
profiles of Smeaton Bay and Boca de Quadra with station locations are
shown in Fig. 2. Because of the smaller size and less complicated 
basin structure, Smeaton Bay will be considered in greater detail.
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Fig. 1. "Location of stations in study site.
ME
TE
RS
 
ME
TE
RS
46
<ro
KILOMETERS
Fig. 2. L o n g i t u d i n a l  prof i l e s  and s tation locations for (a) Smeaton 
Bay and (b) Boca de Quadra.
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METHODS AND MATERIALS
S a w p l i n g  M e t h o d s
The sediment samples were collected using a Benthos gravity corer 
with 6.7 cm i.d. plastic core liners without core catcher, nose cone, 
Dr pipe barrel. Cores collected -for 2 1°Pb,l37Cs, and porosity were 
sectioned immediately and frozen for later analysis. Cores collected 
for interstitial water were extruded directly into PVC (Reeburgh, 
1967) s queezers c onstructed with internal diameter vi rtually identical 
to that of the core liner, thereby mi nimizing atmosphe ric  exposure. 
Interstitial water was squeezed from the sediment using 5-30 psi of 
u lt rapure nitrogen gas at reduced temperatures. Two pre-com bus ted  
Whatman EPM 1000 filters were used in the squeezers. The initial 
several mL of the interstitial water removed from each section were 
discarded. Samples for Fe and Mn were collected in acid-washed,
linear po lye th y l e n e  bottles, acidified with ultrex HC1 and stored
f r o z e n .
A n a l y t i c a l  T e c h n i q u e s
To det erm ine  21°Pb activity, 2 1°Po, an al ph a- em i t t in g daughter 
was extracted from the sediment and counted. Becau se laboratory 
analyses were begun at least 5 months after collection, secular 
e qu i lib riu m between 21°Po (t1/a=138 d) and 2 lo Pb (ti,2=22.2 yr) was
assumed. A 2- to 3-g aliquot of dried sediment was spiked with 2 0 S Po 
(chemical yield trace'-, leached twicr with c o nce ntr ate d H N Q 3 and H C 1 , 
and ce ntr ifu ged  twice. The leachate was then evapor ate d to dryness, 
and the residue converted to c hlorides by repea ted ly adding HC1 and
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evapora tin g to dryness. The residue obtained after leaching the 
sediment was dissolved in a pp r o x ima tel y 250 mL of 0.3 M HC1, and 
ascoroic acid added to complex the Fe in solution. The 21°Po was 
spon tan eou sly  e lect rop lat ed onto 2.2-cm silver discs (one side coated 
with an insulating varnish) overnight. These discs were rinsed with 
distilled water, dried, and a lp ha- cou nte d for 2 O 0 Po and 2l oPo using Si 
surfac e-b arr ier  detectors and alpha pul se- he ig h t  analysis 
s p e c t r o s c o p y . Unsuppo rte d 2 1°Pb values were deter min ed by subtracting 
the mean of two or three 21 °Pb values taken from 40 to 80 cm deep in 
the core, where excess 21 °Pb was depleted. Por osi ty was calculated 
from sediment sample weights before and after drying at 60°C, assuming 
a density of 2.5 g c m - 3 . All weights were salt corrected.
13 7 Cs activi tie s were obtained from g a m m a -c ou n t i n g  approx ima tel y 
6 g of dried sediment with a Ge(Li) detector and multi-channal 
analyzer. Counting errors reported are + 1 S.D.
Interstitial Fe was analyzed using the fer roz ine  technique of 
Stookey (1970) as applied to natural waters by Murray and Bill (1978) 
and Bibbs (1979). Interstitial Mn was determined by direct injections 
of 1:100 di lutions of interstitial water samples into a Perkin-Elmer 
model 360 atomic a bsorption s pe ct rop hot ome ter  with HSA 2100 furnace.
C alc ulations
Sediment ac tivities are reported as functions of cumulat ive  mass 
per unit area (g c m - 2 ) to e l i m ina te the effect of porosity changes 
with depth. z l o Pb mass s e di me nt ati on rates were calcu lat ed using a 
on e-d imensional, two-layer sed ime nta tio n model. All mixing was 
treated as a t im e-a ver age d diffu siv e process assumed to be confined to
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a uniformly mixed s u r f a c e - 1 a y e r . The sediment a ccu mul ati on rate, r, 
in g c m - 2 y r _ l , was determi ned  from the expression, r = — b / A * where 
b is the slope of the least squares fit to the natural log 
(unsupported 21 °Pb) versus c umul ati ve mass curve below the surface 
mixed layer (SML) , and A is the decay constant of 21°Pb in y r - 1 . The 
th ickness of the SML was e stimated by visual i nspection of the 2 1 0 Pb 
profiles or by the intersection of the SML with the best least squares 
fit for the remaining points.
Mixing c o e f fic ien ts within the SML, K „ , were calcu lat ed assuming 
that comp act ion  e ff e c ts. are  negligible, and that the di str ibution of 
21°Pb can be described by an a d v e ct io n- d i f fu si on  equation (Robbins, 
1978) of the form:
where A= excess 2 1°Pb activity, dpm g -1
Kb = mean mixing coefficient, c m 2yr ~ 1 
A =  decay constant of 2 1°Pb, y r -1 
w= sediment acc umulation rate, cm y r - 1 .
The first term on the right -ha nd side of eq. (1) represents the 
rate of change of activity at depth, z, due to effects of mixing, the 
second term accounts for sediment accumulation, and the third term for 
ra dio active decay.
Solving eq. (1) for w, the accu mul ati on rate gives:
w K,'b
z ( 2 )
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where A0 = activity of 2 1°Pb at the surface
A z = activity of 2 1°Pb at depth z positive below the interface.
If mixing is intense and acc umulation is slow (i.e. wa << A K b ) ,
eq. (2) can be used to evalua te the mixing coefficient:
2
Kb = A | (3 )
Sediment i nve nto rie s of excess 2 t o Pb and l37Cs were d etermined by 
summing the product of the measured activity in dpm g _1 and the 
c um ula tiv e mass for each section. Ca lculated surf ace  2 l o Pb activities 
were obtained from e x t r a p olat ion  of the natural log (unsupported 
2 1°Pb) versus c umu lat ive  mass curve to zero mass. The p redicted depth 
of 137Cs pen etration was determ ine d from the sum of the SML thickness 
plus the product of the 2 l o Pb sedi mentati on rate m ultipled by 30 yr 
(assuming the introduction of t37Cs to these fjords was in 1952).
RESULTS
The sediment c h a r a ct er i s t i c s of Smeaton Bay and Boca de Quadra 
fjords are shown in Table 1. All cores were col lec ted  between August
23 and September 7, 1982, except for the core at BQ5 which was
collected on April 12, 1983. The stations are grouped into two
categories: 1) basin stations: SBO, SBI, 3B3, BQ5, MA1A, BQ9, 2)
rela tiv ely  shallow, t e r r e st r i a l ly -i n f l u e nc ed  sta tions with deep SML's: 
W A 2 , W A 1, WAO, BA 1, BQ3A, B Q 3 , MA2, MAI. The 21°Pb and l37Cs
acti vit ies  and porosi tie s at various depths in each core are tabulated 
i n Appendi x A.
f r  ?
Table 1. Sediment characteristics in Smeaton Bay and Boca de Quadra
Locat ion 
Stat ion
Water
depth
m
2 1 °Pb 137Cs
Surface activity
SML
cm
Two Layer Model 
Sedimentat ion 
rate
cm yr~' g cm~2yr~l
Mixing 
coef 
cm^yr 1
CSA Model 
Sediraenta- 
tion rate 
g cm~2yr_1
Inventory 
dpm cm~2
Penetration depth
Inventory 
dpm cm-2
O b s’d 
dpra g-1
C a l c 1d 
dpm g-1
Obs'd
cm
Ca l c 'd 
cm
Basin Stations
SBO 241 18.04 15.8 0.0 0.41 0.112 0.079 52.6 15.4 12.3 4.62
SB1 252 14.37 16.5 1.7 0. 34 0.082 0.063 42.2 13.8 11.9 3.19
SB3 259 14.39 19.4 2.8 0. 31 0.089 0.077 51.4 11.9 12.1 4.25
BQ5 275 13.12 19.3 3.2 0.29 0.063 0.053 35.0
MA1A 208 14.34 16.1 4.8 0.27 0.091 0.070 46.4 14.0 12.9 8. 38
BQ9 368 20.84 20.4 0.0 0.46 0.090 0.082 54.7 11.5 13.8 3.85
Terrestrially-Influenced Stations
WA2 127 8.63 197.5 17. 1 0.12 0.064 12. 7 0.063 42.0 21.8 20.7 10.95
WA1 152 11.37 54.2 12.7 0.12 0.054 6.6 0.050 33.6 16.5 16.3 5.92
WAO 162 6.95 9.02 4.7 0.22 0.101 65.0 0.045 30.2 10.8 11.3 3.71
BA1 156 10.12 32. 3 10.4 0.12 0.053 23.2 0.047 31.4 14. 1 ,14.0 3.77
BQ3A 145 5.55 2750 17.3 0.07 0.041 11.6 0.048 32.0
BQ3 156 6.82 13. 1 10.4 0.26 0.137 26. 3 0.061 40.4
MA2 175 7.68 >27. 3 >15.8
MAI 174 7.02 289 7.0 0.04 0.02 3 14.8 0.041 27.2 12.5 8.2 4.52
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The 2 1°Pb sediment a cc umu lat ion  profiles for basin areas of 
Smeaton Bay and Boca de Quadra are remar kab ly si mi 1ar and are shown in 
Fig. 3a. The mean surface 2 1°Pb activity is 15.8 + 3.0 dpm g -1 (n = 6) 
with an average sedimen tat ion  rate of 88 + 16 mg c m - 2 y r ~ l . Equivalent 
profiles for the shallower s tat ion s are shown in Figs. 3b and 3c where 
a deep 0 1 3 . 3  + 7.1 cm, n=8> surface mixed layer is observed, and the 
average surface 2 1 0 Pb activity is 8.0 + 1.9 dpm g _l (n=8>; the 
se dimentation rate below the SML for these shallower areas is 68 + 39
mg c m - 2 y r -1 ( n= 7 ) . K b , the mixing coefficient, ranged from > 65.0 
cm 2 yr -1 at WAO to >6.6 c m 2y r _l at W A 1. Near the Marten River outfall, 
the mixed layer extends to greater than 27 cm depth at MA2 (Fig. 3c), 
and has a very irregular prof ile  which pre clu des  de ter min ing  a 2 1°Pb 
sedime nta tio n rate. At the other shallow station in Marten Arm, MAI, 
we found the lowest 2loPb se dim ent ati on rate (23 mg c m -2 y r - 1 ) and 
inventory (27.2 dpm c m - 2 ) of the studied area. The highest observed
inventory was 54.7 dpm c m ' 2 at BQ9 in the deep basin of Boca de
Quadra.
Profiles of 137 Cs activities versus c umu lat ive  mass for the basin 
and shallower areas are shown in Figs. 3d and 3e. l37Cs is observed 
to depths of 21.8 cm at WA2, the station closest to the W ils on - B l o ss om  
River; at BQ9 and SB3, in the basins of Boca de Quadra and Smeaton
Bay, 137Cs is r estricted to the upper 11.5 and 11.9 cm, respectively.
The highest 137Cs inventories are found at WA2 and MA1A, sites near 
river input, and the iowsst within the deep basin of Smeaton Bay at 
SBI.
Solid phase Mn and Cu in sediment from one shallow site in Wilson
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firm, WA1, and two basin stations, SB1 and BQ9, are shown in Fig. 4. 
While sediment from BQ9 shows an intense peak in solid phase Mn 
co nce nt r a t i o ns  in the surficial sediments, Mn co nc e n t r a ti on s  in W A 1
and SB1 are much lower and more constant with depth. Solid phase Cu 
has a subsurface maximum of 96 + 3 ug g _1 at BQ9 that is not observed 
at W A 1. However, at SB1, Cu levels are 116 + 18 ug g ~ 1 at the surface 
and 114 ug g -1 at 13.2 cm.
Interstitial water pr ofiles of Mn and Fe for the same station 
gr oupings as Fig. 3 are shown in Fig. 5 and listed in Appendix B. 
These cores are companion ones to those collected for 2 1°Pb and l37Cs 
ge och ro no l o g i es  in August and September, 1982. At BQ9, in the deep 
basin in Boca de Quadra, the interstitial Mn c on ce ntr ati on is 268 umol 
L -1 in the surficial sediment; at SBO and SB1, in the main basin of 
Smeaton Bay, the Mn c o n c e n t ra ti o n s  in the surface section are
approxi mat ely  0.1 times that at BG9 (28.6 and 23.9 umol L - 1 ,
respectively). Interstitial water Mn c o n c e nt ra t i o n s  are much lower at 
the shallower sites. Highest interstitial Fe c o n c en tr a t i on s are found 
in the surficial sediment of SBO (98.1 umol L - 1 ), and at 3.25 cm in a 
core co llected at WA2 (65.7 umol L ~ l i.
DISCUSSION
R i v e r i n e  I n f l u e n c e s  Upon V e r t i c a l  D i s t r i b u t i o n s  and S e d i a e n t
I n v e n t o r i e s  of 2 ,°Pb and I 3 7 Cs
The vertical d i s t r ibut ion s and inventories of 31 °Pb and 137Cs in 
Smeaton Bay and Boca de Quadra sed ime nts  vary great ly depending upon 
location (proximity to river input and side arms) and bottom
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1982.
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c. Inter s t i t i a l  Fe vs. d e p t h  for b a s i n  stations.
d. I n t erstitial Fe vs. d e p t h  for s h a llower stations.
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topography (slope of main basin and cross-channel steepness). These
two factors d et erm ine  the sources of sediment, and the intensity and 
frequency of slumping and/or pns t-d epo sit ion al mixing.
In the marine environment, fallout 137Cs is p r e do mi nat ely  in the
dissolved form (Simpson et al., 1976); in freshwater, the major
portion is associ ate d with p ar t icu lat e phases. Thus, the source of 
l37Cs observed in the sediment from Smeaton Bay and Boca de Quadra is 
prim ari ly fallout 137Cs that has been adsorbed onto clay
(predominately, illite and chlorite, M. Robb, Institute of Marine 
Science, Univ ers ity  of Alaska, Fairbanks, AK, pers. comm.) particles 
in the watershed, and tra nsp ort ed to the fjords by rivers and streams. 
Fig. 6 shows the importance of terrestrial input and physical mixing 
upon the l37Cs and 2l oPb p rofiles of a r elat ive ly shallow, river- 
influenced station, WA2 (Fig. 6b) compared with a basin station, BQ9 
(Fig. 6a). River input of t e r r e s t r i al ly - d e r i ve d sediment results in 
enhanced 137Cs i nve ntories at s tations WA2 and WA1 in Wilson Arm and 
station MA1A in Marten Arm (Table 1). The highest 13 7Cs ac tivities 
occur in recent sediment rather than in sediment de posited in 1963 
(peak year in global 137Cs fallout), suggesting a delay in transport 
of 137Cs from the watershed to these stations. The s ystematic decrease 
in 137Cs inventory as one proceeds seaward in Wilson Arm from the 
W i l s o n /B lo s s o m  River (WA2, WA1, WAO, Fig. 3E) r efl ect s the decrease in 
terrestrial influence.
Because 21°Pb inventor ies  in the pasins of Smeaton Bay and Boca de 
Quadra are greater than expected from a tmospheric deposi tio n (32 dpm 
c m - 2 : Benninger, 1973), and do not increase steadily with increasing
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Fig. 6. a. Excess 210Pb and 137Cs vs. d e p t h  for b a s i n  station, 
BQ9, August 1982. 
b. Excess 210Pb and 137Cs vs. d epth for riv e r - i n f l u e n c e d  
station, WA2.
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water depth (expected if steady state produ cti on from 2 26 Ra in the 
overlying water were the dominant process), horizontal transport of 
sediment is indicated. The highest i nve ntories occur at B Q 9 , SBO, and 
SB3. The sediment inventory at BQ9 is augmented by material from up- 
fjord, from Marten Arm, and possibly, Mink Bay (Fig. 1). The 2 lo Pb 
inventory and s edi men tat ion  rate at MAI are low, suggesting that 
Marten Arm may be a region of net sediment export. Likewise, in 
Smeaton Bay, SBO may be a region of sediment focusing of material from 
Wilson and Bakewell Arms. The surface p or osi tie s at MAI and WAO 
(Appendix A) are relativ ely  low (0.851 and 0.873, respectively) which 
supports the hypot hes is that the o r g a n i c - r i c h , high porosity surface 
layers of se diments from Marten and Wilson Arms are transp ort ed into 
the fjord basins (e.g. BQ9 and SBO, which have surface poros iti es of
0.942 and 0.933).
Comparing the sediment i nventories of 137 l s  and = loPb with those 
expected from atmospheric fallout suggests transport mechanisms, and 
the ratio of 13 7 C s to 2 lo Pb inventories in dicates relative 
c on t r i but ion s of terrestrial and marine sediment. Assuming a constant 
flux of 2 1°Pb to the sediment, the maxi mum 2 1°Pb activity would be at 
the surface, and, assuming no post -de pos iti ona l removal of sediment, 
the 2 1°Pb inventory will include app r o x im at el y  100 yr (4-5 half-lives) 
of sedimentation. 137Cs was first introduced into the at mosphere in 
1952 (peak fallout occurred in 1963 and rapid ly decreased in 
subsequent years), and thus the 137Cs inventory has accumulated for 
only 30 yr. The maximum activity of this b o mb -cr eat ed isotope 
(corrected for rad ioactive decay, t i / 2=30.2 yr), should occur at the
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depth c or re spo ndi ng to the peak fallout years. Our data show that 
2 1°Pb inven tories at the basin stations (BQ9, SB1, SBO, S B 3 , and M A 1A ) 
are in all cases greater than invent ori es at shallower locations in 
the fjords, and 1.3 to 3.7 times greater than at mos pheric deposition 
of the isotope. The 13 7 Cs i nve ntories for the basin stations range 
from 3 .1 9-8 .38  dpm c m - 2 . Using ‘?°Sr data for at mos pheric fallout in 
10° bands of latitude for the period 1958-1966 (Joseph et a l ., 1971),
I adjust the value of 25.8 dpm cm -2 obtained for the integrated 1954- 
1975 fallout de livery of 13 7Cs in New York City (41°N) (Olsen et al., 
1981a) to obtain an expected 18.0 dpm c m -2 for the 50-60°N zone. This 
indicates that the observed ,37Cs inventories in the basin regions of 
Smeaton Bay and Boca de Quadra (stations SBO, SB1, SB3, and BQ9) are 
roughly 18-26'/. of the expected atmospheric fallout values (Table 2). 
The 13 7 Cs invent or y is 61!/. of atmosphe ric  fallout at station WA2 
(approximately 3 km from the Wi l s o n -B lo s s o m  River outfall) and 46/1 of 
fallout at station MA1A (about 4 km from the Marten-Red River 
outfall). Comparing the inventory of 137Cs (predominately, terrestial 
in origin) to that of 2 1°Pb (marine crigin), indicates that 
terrestrial material is about twice as important to the total sediment 
ac cum ulation of sediment in Wilson Arm (stations WA2, W A D  and Marten 
Arm (MA1A, MAI) than in Smeaton Bay or Boca de Quadra (Table 2). By 
contrast, the ratios of 137Cs to 2 lo Pb inventories at shallow stations 
BA1 in Bakewell Arm (Fig. 1) and WAO at the seaward extreme of Wilson 
Arm (Fig. 2a), are a p p ro xi mat ely  equal to the ratios in the main 
basins of Boca de Quadra (BQ9) and Smeaton Bay (SB1, SBO, SB3). The 
re latively low terrestrial influence at these st ations is probably
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Table 2. Comparison of 21^Pb and 137Cs inventories in sediments from 
Smeaton Bay and Boca de Quadra.
Station
IPb-210 
dpm cm-2
XPb-210 ICs-137 
dpm cm-2
ICs-137 ICs-137
atmPb-210 atmCs-137 IPb-210
WA2 42.0 1.31 10.95 0.61 0.26
WA1 33.6 1.05 5.92 0.33 0.18
WAO 30.2 0.94 3.71 0.21 0.12
BA1 31.4 0.98 3.77 0.21 0.12
SBO 52.6 1.64 4.62 0.26 0.09
SBI 42.2 1.32 3.19 0.18 0.08
SB3 51.4 1.61 4.25 0.24 0.08
MA1A 46.4 1.45 8.38 0.46 0.18
MAI 27.2 0.85 4.52 0.25 0.17
BQ9 54.7 1.71 3.85 0.21 0.07
atmospheric 32.0 - 18.0 - 0.56
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because of the lack of major fresh water input in Bakeweii Arm, and 
sediment erosion from Wilson Arm to Smeaton Bay.
R i v e r i n e  I n f l u e n c e s  Upon V e r t i c a l  D i s t r i b u t i o n s  of Tr ace Het al s 
Diff ere nce s in the interstitial Mn profiles shown for the basin 
areas (Fig. 5a) versus those for the shallower s tations (Fig. 5b) 
result from the redox cond iti ons  imposed by the type of organic matter 
present, as well as from the frequency of p os t-d epo sit ion al mixing. 
The importance of riv erine co n t r ib ut i o n s  of dis solved and p ar tic ula te 
C is r eflected in the C/N ratios of the surficial sediments. Lower 
C/N ratios are generally observed further from river inputs (stations 
5B3, SBO, 3B1, B09) where det ritus from N-rich plankton is a
s ignificant component of the sed ime nta ry organic matter. The watershed 
influence on the total carbon inventory of the sediment is two-fold. 
First, in both fjords, all oc ht h o n o us  organic material is highly 
refrac tor y and dilutes the rea ctive carbon. Terrestrial material 
(wood, spruce needles) is present deep in cores from Wilson, Bakeweii, 
and Marten Arms, and although sediment carbon levels are high, the 
surface sediments are not anoxic. Secondly, beca use  the fresh waters 
draining the wate rsh eds  in my study area are highly colored and 
nutrient poor (Suqai and Burrell, 19B4), the annual integrated primary 
p r odu cti vit y is 15 to 357. less in the inner fjord areas (WA1/2, 
BQ3/3A, MA2) than in the basin areas (SBO/1, BB9). Because the annual 
primary p r o duc tiv ity  :n the basin areas of Smeaton Bay and Boca de 
Quadra (SB1, BQ9) is siuiiiar, the observed d if fer enc e in the sediment 
redox condi tio ns between the deep areas of the two fjords 
(demonstrated most dram ati cal ly by the solid phase and interstitial Mn
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profiles, Figs. 4a and 5a) is believed to result from diff ere nce s in 
the frequency of mixing, rather than in the supply of autoch tho nou s 
organic matter.
Mixing as the result of sediment slumping at BQ9 must be 
relatively infrequent on the 2 1°Pb time scale, permi tti ng diagenetic 
r em obil iza tio n of reduced Mn close to the interface. High 
c on cent rat ion s of solid phase Cu and Mn occur near the surface at BQ9
(Fig. 4), and the interstitial c onc ent rat ion  of Mn in the surficial
sediment reaches 268 umol L _ 1 . By contrast, the solid phase Cu and Mn 
profiles at WAi suggest that frequent mixing combined with less labile 
organic matter p revents reducing c on dit ion s from developing. Both the 
interstitial and solid phase Mn pro files indicate the absence of long 
term reducing condi tio ns at SB1, but the Cu profile suggests that 
perhaps the top 10 cm of the core may have resulted from a recent 
slump of material originally .deposited elsewhere. One possible
e xplanation for this o bservation is that kinetics involved in
solubilizing Cu sulfides are much slower than those involved in the 
oxidation of reduced Fe or Mn.
The interstitial Fe profil es are more di fficult to interpret
because soluble Fe can form during biological r eduction of Fe-ox ides 
or during the abiotic oxidation of m et ast abl e Fe-sulf ide  solids 
(Aller, 1980). Of the stations sampled, only at BQ9 in the central 
basin of Boca de Quadra are interstitial Fe co nce nt ra t i o ns  low
throughout the core, su ggesting that only at this location have
co nditions remained stable long enough to develop reducing sediment
conditi ons  near the sediment interface, although high con cen tr at i o n s 
of organic material occur throughout the fjord.
A p p l i c a t i o n  of M i x i n g  M o d e l s  to 2 t o Pb P r o  f i l e s  f r o * Site at on B a y  a n d  
B o c a  de Q u a d r a
In most coastal sediments, vertical mixing by biological or 
physical proce sse s occurs in the surface zone, resulting in a n o n ­
linear log dist rib uti on of excess 2 1°Pb. Although biological mixing 
has been succe ssf ull y treated by a d i f fus ive  analog (e.g. Guina sso  and 
Schink, 1975; Robbins et al., 1979; Olsen et al., 1981b), physical 
mixing has not (Nittrouer et al., 1984). However, my 2 l o Pb and l37Cs 
profiles indicate that physical mixing in these fjords may be 
re pre sented as a dif fus ive  process on the time scale of decades. In 
the two-layer model used to c al cul ate  mass a cc umu lat ion  rates and 
mixing coefficients, I have pa ram ete riz ed all mixing into a single 
term, Kb , that is constant within the SML and zero below the mixed 
zone boundary. Cal cul at io n s  of K b based upon the change in 21°Pb 
activity in the SML d em ons tra te that the apparent s edim ent ati on rate 
at WA2 (located a ppr oxi mat ely  3 km from the W i l s on /B l o s s om  River) is 
dominated by mixing (w2 < < A K b ). The depth of l37Cs penetration 
observed agrees well with that predicted from the 2 l o Pb sedimentation 
rate and observed depth of the SML (Table 1).
Mixing of insufficient intensity to create a SML can generate a 
linear log unsupported 2 10Pb distr ibu tio n with decreased slope 
(Benninger et al., 1979; Benninger and Krishnaswami , 1981). Carpenter 
et al. (1982) determined that a 2-3 fold ov ere s t i m at io n of the true 
sediment ac cum ulation rates could result from neglec tin g deep mixing
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that was less than 5X of the mixing r e s p o nsi ble  for the SML. This 
effect becomes more pronou nce d at low s ed ime nta tio n rates when mixing 
extends to depths where 21 °Pb activi tie s approach supported levels. 
To check the validity of my si mplified mixing model for pulsed, 
physical mixing, I used a constant specific ac tivity (CSA) model 
(Robbins, 1978) where As , the undistu rbe d surface activity of 21 °Pb 
was assumed to equal 20.8 dpm g _1 as observed at BQ9, the deep basin 
station in Boca de Quadra where trace metal profiles suggest 
r elatively long term stability. The sedim ent ati on rate, r (g cni_ 2 yr ~ 1) 
can then be estimated from the v er tic all y integrated 2 1 °Pb activity, 
Pb-210 using the expression:
A IPb- 2 1 0
r  =
S ed ime nta tio n rates de termined assuming constant specific activity are 
shown in Table 1. For most basin and shallow stations, the 
sedimen tat ion  rates calc ula ted  by this method are rel at iv e l y  close to 
those ca lculated using the two-layer model. The most notable 
except ion s are shallower stations WAO and BQ3, whe re the sedimentation 
rate calcul ate d assuming no mixing below the SML is a ppr oximately 
twice that using the constant specific activity model, and shallow 
station MAI, where the CSA model gives a greater sediment accumulation 
rate than the two-layer model. This shows that u n a c coun ted  mixing will 
increase the apparent sediment accumu lat ion  rates except in cases such 
as station MAI, where net sediment export has occurred, in agreement 
with the observed low 21°Pb inventory. Hence in a dynamic system
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such as the present study area, the 2 l o Pb-der ive d sedime nta tio n rates 
are usually upper limits.
E v i d e n c e  of a S e d i s e n t  S l u t p  in S t e a t  on Bay
Although a deep SML is not apparent -for the 1982 data in the 
basin of Smeaton Bay (stations SBO, SB1, 3B3) , sed imentation rates 
calculated using the two-layer model are somewhat greater than those 
using the CSA model, s uggesting mixing below the observed SML. At 
station SB1, I can document the effects sediment slumping and mixing 
have had on the resultant 2 lo Pb profile.
As seen in Table 1, assuming a SML of 1.7 cm, the se dimentation
rate at SB1 is 82 mg c m _ 2 y r _1 (R2=0.952, n=16); assuming a SML of 10.5
cm, the mass acc umu lat ion  rate is 68 mg c m - 2 y r -1 (R2 =0.956, n=9). I
believe that the ti me- ave rag ed sedim ent ati on rate is closer to the 
latter value because of earlier 2 1°Pb cores taken at the same station
(Fig. 7a). Both cores col lected in December 1980 and October 1981
show ev idence of deep surface mixing. The 21 °Pb and 13 7Cs (Fig. 7b) 
profiles from October 1981 have higher a ct ivi tie s than the 1982 
profile. The 137Cs inventory is 4.13 dpm c m -2 for the top 11 cm of 
the October 1981 core, app r o x i ma te l y  307. greater than the total
inventory in August 1932. The enhanced 137Cs inventory suggests that
the top 11 cm of material c ollected at SB! in October 1981 was
probably material tra nsp ort ed from a more t e r r e st ri al l y - i n f l u e n c e d  
site. This agrees well with the solid phase Cu profi le (Fig. 4b),
which, perhaps fortuitously, shows a second Cu peak at approxi mat ely  
11 cm. Interstitial water profiles for Fe and Mn (Chapter 4) which
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EXCESS 2l0Pb ACTIVITY, dpm g-1 l37Cs ACTIV ITY,  dpm g-'
Fig. 7. a. Excess 2 1 ®Pb vs. cumul a t i v e  mas s  for b a s i n  station, 
SBI, D e c e m b e r  1980, O c tober 1981, and August 1982.
b. 137Cs vs. cumul a t i v e  mass, O c t o b e r  1981 and August 
1982.
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respond more quickly to changes in redox c ondi tio ns than the solid 
phase, verify the dist urb anc e suggested by the 21°Pb and l37Cs 
g e o c h r o n o l o g 1 e s .
Coaparison oi 137Cs and 2 t o Pb G e och ron olo gie s
In spite of post-depo sit ion al mixing, episodic slumping, and 
large va ria bil ity  in terrestial and marine sediment inputs, the 
observed depth of 137Cs pe net rat ion  is close to that predicted from 
2 1°Pb-derived s ed ime nta tio n rates for most cores (Table 1). The only 
excepti ons  are station SB1, in the main basin of Smeaton Bay, where 
the observed 137Cs penetra tio n depth is less than predicted, and 
station MAI, in Marten Arm, where the observed pene tra tio n depth is 
greater than predicted. This s trongly suggests that fallout 137Cs was 
rapidly tra nsported to the fjord, since any signif ica nt lag-time 
between i ntr oduction of the isotope into the at mos ph er e  and ap pearance 
in the sediment would result, in an u nde re st i m a ti on  of the l37Cs 
sedimen tat ion  rate. In addition, my results suggest that 137Cs is not 
mobile in the sed iments of Smeaton Bay and Boca de Quadra. The 
relative downward mobility of l37Cs with respect to J 5 ,’24opu (another 
fallout isotope) has been observed in the laborat ory  (Sholkovits et 
al., 1983), in artificial m i c roc osm  tanks (Santschi et al.,1933) and 
in the field (Sholkovitz and Mann, 1984; Beasley et al., 1982). 
Edgington (1981) a ttributes the preferential downward transport of 
137Cs over 2 3 , .2,10Pu to different adsorpt ion  affinit ies  and diffusion 
coefficients. Beasley et al. (1982) suggest that pa rticle mixing is 
resp ons ibl e for the observed deeper 137Cs and 2 3‘5’.2 4°Pu pene tra tio ns 
than expected from 2 l o P b - d e n v e d  sedimen tat ion  and mixing rates.
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Santschi et al. (1983) at tribute the mobility of 137Cs over 21 °Pb and 
23 9 , 2 * o p u to ie55 par ticle rea cti ve p r ope rti es of Cs. Sholkovitz
et al. (1983) suggest that becaus e of ion e xchange react ion s 137Cs may
increase in pore waters leading to downward and upward diffu siv e
transport. Sholkovitz and Mann (1984) observe that a broad maximum in 
pore water activ iti es of 13 7 Cs ex tends downward through a zone of 
sharply de clining activity of 137Cs in the solid phase, suggesting 
that 137Cs is mixing downward in the pore waters faster than it is 
being taken up by sediments. However, although high poros iti es in the 
basin sed ime nts  of Smeaton Bay and Boca de Quadra should facilitate 
t37Cs mobility in the sediments, mob ility of t37Cs is not observed in 
these fjord sediments.
Coa par is on s m t h  O t her C o a s t a l  E n v i r o n m e n t s
Because this g eo ch ron olo gy study of Smeaton Bay and Boca de 
Quadra repr ese nts  the most c o m p r e he ns i v e  examinat ion  of s edi mentation 
in Alaskan fjords, it is i n s t r uct ive  to compare my resu lts  with those 
from other coastal e nv ir onm ent s (Table 3). Mean 2 1°Pb-sedimentation 
rates in Smeaton Bay and Boca de Quadra are roughly c om par abl e with
those found in other coastal areas of similar water depth. However,
the 2 1°Pb inven tories and fluxes in my study area are less than those 
found e ver ywh ere  except on the Bering Sea shelf, and 137 Cs inventories 
are higher than most studied locations. This suggests that 
terrestrial inputs of sediment dom ina te the sediment loading to these 
fjords. At the time cf this study, the watershed areas of Smeaton Bay 
and Boca de Quadra were totally u ndi sturbed by man, but future
Table 3. Comparison of 210Pb and 137Cs distributions in sediments
Location
L a c . 
N°
Water
depth
2 1 0
Excess 
surface 
activity 
dpm g“*
Pb
Mean sediment 
accumulation rate Inventory
cm yr~i mg cm~2yr“^ dpm cm 2
137 Cs
Penetration 
Flux Inventory depth
dpm cm"2yr_1 mCi km~2 cm Ref.
Wilson Arm, 55° 147± 18 9.0+2.2 0.15+0.06 73124 35.3± 6.1 1.10±0.19 3 0 . 0 U 6 . 7 16.415.5 1
AK (n=3) •
Smeaton Bay, 55° 251 + 9 15.6+1.8 0.33+0.07 9 4 H 6 48.8± 5.7 1.52+0.18 18.1+ 3.3 13. 7 U . 8 1
AK (n=3)
Boca de Quadra 55° 322±66a 17.0+5.4 0. 38±0.12 7 6 H 9 4 4 . 8 H 3 . 9 1.4010.43 13.8 1
AK (n=2) (n=l)
151 + 8 6.2±0.9 0.1610.13 89168 36.2+ 5.9 1.13+0.18
(n=2)
Marten Arm, 55° 186+19 4.714.0 0.15+0.16 57148 3 6 . 8 H 3 . 6 1.1410.42 29.1+12.3 10.6+3.3 1
AK (n=3) (n=3) (n=2) (n=2) (n=2)
Washington 46-47° canyon 100+49 220+230 18+13 2
Coast (n=32) 
slope 
(n=23) 
shel f 
(n=85)
110148
18±12
53+25
3 3 0 H 7 0
5.2+3.1 
4.811.8
Cape Lookout 34° 8 10. 3 H .  7 41301670 >33.5 226 238 3
Bight, NC (n=4)
Hudson Shelf 40° 54.121 6.612.7 420+60 111.8+22.8 3.4710.71 4
Valley, NY (n=5)
Saguenay Fjord , 48° 40 5.0 4000+800 20.0 5
Quebec 208+64 
(n=7)
11.511.6 190180 2.1210.73 9.515.3 
(n=3)
Washington 46-47° 105121 5-100 0. 3610.08 187.6145.5 5.83+1.41 43.2114.6 19.8+1.8 6
Cont inental (n=5)
Shelf
Bering Sea 55° 14214 5.9+0.8 80110 0.54+0.06 7
Shelf (n=2 )
O
Buzzards Bay, 41° 16
MA 41° 16+1
(n=10)
Wilkinson 42-43° 242122
Basin, Atlantic (n=6).
continental
shelf
NW Atlantic 40° 13001692
slope (n=3)
Saanich Inlet,
O00 228 13.4
B.C. 210+14 
(n=2),
14.4+0.4
Puget Sound, 47-49° 86+45
WA
0 . 3 0
0 . 8
a DBasin
Shallow
References: 1 - This study
2 - Carpenter e t  al . (1981)
3 - Chanton e t  a l .  (1983)
4 - Benninger and Krishnaswami (1981)
5 - Smith and Walton (1980)
6 - Beasley e t  a l . (1982)
7 - Banahan (1983)
8 - Farrington e t  a l .  (1977)
9 - Sholkovitz and Mann (1984)
10 - Livingston and Bowen (1979)
11 - Bruland (1974)
12 - Matsumoto and Wong (1977)
13 - Carpenter e t  a l .  (1984)
130
1801120
14.2 
7.1 + 3.1
40 8,9
10
2.8+1.0
3.9±2. 7
2 . 1  
3.5+2.3
11
12
13
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a g r i c u l t u r a l , logging, and mining o pe rat ion s will inevitably further 
increase the terrestrial contri but ion  to the sediments of these 
f jords.
SUMMARY AND POSSIBLE CONSEQUENCES
Although in fjords such as the two studied here, 2 l 0 Pb and l37Cs 
g e o c h r o nc lo g i e s  are affected by riveri ne input, non-ste ady  state
de position of sediment, frequent slumping due to the steep topography,
and regional variation in the avai lab le organic and inorganic 
pa rti cul ate  phases present, a range of ti m e - av er a g e d  se dimentation 
rates can be obtained. Most of the 13 7 Cs observed in the sediments is 
terrestrial in origin and is delivered to the fjords after some 
unknown, but pro bably short lag period; the more p a r t i c l e - re ac t i v e
2loPb is pri mar ily  of marine origin. Intense mixing is re spo nsi ble  
for the deep 13 7 Cs penetrat ion  in the riv er- dom ina ted , shallower 
stations, and obscures the smaller peak of 137Cs arising from fallout 
directly on the fjord surface. At the deep basin stations, the mixing 
rate is insufficient to cause a significant SML in the 2 lo Pb profiles, 
as observed at shallower stations. Episodic physical mixing,
documented by vertical d i s t r i buti ons  of trace metals and
r ad ioisotopes, does not n ec e ssa ril y pr eclude use of simplified mixing 
models as long as sedimen tat ion  rates are r ela tiv ely  high and
ancill iar y data is available to verify assumed mixing processes.
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4. Spatial and Teaporal Patterns of Cheaical Diagenesis in Sediaents 
of Saeaton Bay and Boca de Quadra, Alaska
Abstract- Spatial and temporal influences upon trace metal and 
nutrient d i s t r ib uti ons  in interstitial water were examined in two 
pr istine fjords where bottom water tem per at ur e s  seasona lly  vary less 
than 1°C. Over a three-year period, interstitial M n , Fe, ammonia, and 
ph osphate were examined in sediment from five stations in the basins 
and shallower areas of Smeaton Bay and Boca de Quadra, southeast 
Alaska. Episodic physical mixing and the supply of reactive 
(autochthonous) organic matter are res pon sib le for the temporal 
variat ion s observed. Incidents of sediment slumping are most frequent 
at shallower (127 -152 m) stations where interstitial waters show
cons id er a b l e  small scale variability, and are grea tly  un der sat ura ted  
with respect to Mn- and Fe- c ar bo nat e or p h o spha te solids. In 
contrast, reducing condit ion s in sediments from the main basin of Boca 
de Quadra result in large fluxes of M n 2 '", which appears to be in 
equi lib riu m with r hod oc n r o s i te  or similar Mn carbonate. Sediment from 
the main basin of Smeaton Bay is inter med iat e between these two 
extremes.
INTRODUCTION
The flux of r eactive solutes from the s ed ime nt- wat er interface is 
of particular i mportance in estu ari es where the benthic nutrient flux 
may be more important than rivers in supplying nutr ien ts to the water 
column. In addition, r ive r- su p p l i ed  heavy metals and organics (both 
natural and anthropogenic) are stored in es tuarine sediments where
83
84
they may be remobili zed  or per man ent ly buried. Thus, knowing the -fate 
of trace metals and n utrients within n earshore s ediments is critical 
not only to est uar ine  geochemical cycles, but also to oceanic mass 
balances of these components. Nutrient and trace metal fluxes have 
been estimated from interstitial water pr ofi les  and/or measured 
directly in chamber experi men ts from a number of different locations, 
most notably Long Island Sound (Aller, 1980, Aller and Benninger, 
1931), Narr aga nse tt Bay (Elderfield et al , 1981), Cape Lookout Bight
(Klump and Martens, 1981), and Great Bay Estuary, New Ham psh ire  (Hines 
et a l , 1982). These studies, con ducted at r e lat ive ly shallow depths,
have indicated a strong seasonal in fluence on benthic fluxes arising 
from temp era tur e changes in the bottom waters and sediments. At some 
of these sites, seasonal and spatial variati ons  in natural fluxes are 
complicated by significant an thr opo gen ic inputs. The present study 
was c onducted to examine spatial and temporal i nfl uen ces  upon benthic 
nutrient and trace metal fluxes from a pri stine fjord where bottom 
water t emp er at u r e s  s easonally vary less than 1°C. This chapter 
de scribes interstitial water profiles from cores collected on 20 
cruises over a 3 yr period and discu sse s the relat ive  im portance of 
physical and chemical pro cesses in deter mining the sediment ary  fluxes 
of N, P, Fe, and Mn from Smeaton Bay and Boca de Quadra, southeast 
Alaska.
STUDY AREA
Five stations in Smeaton Bay and Boca de Quadra have been chosen 
for detailed study: WA2 and W A 1 in Wilson Arm, SBO and SB1 in Smeaton
Bay, and BQ9 in the central basin of Boca de Quadra. The location,
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d escription and g e o c hr on olo gy of these stations are given in Chapter 3 
and will be only briefly summarized here. WA2 and WA1 are relatively 
shallow (127 and 152 m, respectively) stations that lie approxi mat ely  
3 and 6 km from the W ils on - B l o s so m River, and sed iments front these 
stations are subject to deep physical mixing. SBO and SBI are 
stations in the 240-250 m deep basin of Smeaton Bay, and BQ9 is in the 
370 m central basin of Boca de Quadra.
METHODS AND MATERIALS
Saap 1 ing Heihods
The sediment and interstitial water samples were collected using 
a Benthos gravity corer with 6.7 cm i.d. plastic core liners without 
core catcher, nose cone, or pipe barrel. Cores co llected for 7.C and 
7.N were sectioned i mmediately and frozen for later analysis. Cores 
collected for interstitial water were extruded directly into PVC 
Reeburgh (1967) squeezers co nst ruc ted  with i.d. vir tua lly  identical to 
that of the core liner thereby minimizing atmosphe ric  exposure. 
Interstitial water was squeezed from the sediment using 5-30 psi of 
ul trapure nitrogen gas at reduced temperatures. Two pre combusted 
Whatman EPM 1000 filters were used in the squeezers. The initial 
several mL of interstitital water removed from each section was 
discarded. Samples from nu tri ent s were c ollected in conventional 
p ol yet hyl ene  bottles and frozen. Samples for Fe and Mn were collected 
in acid-wa she d LPE bottles, acidified with uitrex HC1 and stored 
frozen.
8 6
Sediment C and N was determi ned  by combust ion  in a Perkin-Elmer 
model 240C CHN analyzer. Total C levels can be considered to be 
organic C since ca rbonate C levels are less than 3 mg g ~ l in these 
sediments. Total Fe, M n , and Cu were deter min ed by flame atomic 
absorption following L i B 0 3 fusion (Medlin et al., 1969)
Dissolved inorganic nut rie nts  were determi ned  by autoanalyzer. 
For ammonia, the method used was that of Koroleff (1970). Nitrite was 
de termined by the Greiss reaction, as described by Armstrong et a l . 
(1967). Nitrate is qu an ti t a t i ve ly  reduced to nitrite using copperized 
Cd filings. The inorganic p ho sp hat e proce dur e used was that of Murphy 
and R i 1ey ( 1962)
Interstitial Fe was analyzed using the ferrozine tec hnique of 
Stookey (1970) as applied to natural waters by Murray and Gill (1978) 
and Sibbs (1979) Interstitial Mn was determined by direct injections 
of 1:100 dil uti ons  of interstitial water samples into a Perkin-Elmer 
model 360 atomic absorption spec tro pho tom ete r with HGA 2100 furnace.
RESULTS
Hi Ison Art
Mn and Fe profiles in interstitial water from station WA2, 
a ppro xim ate ly 3 km from the wi 1 son-Eflossom River outfall, are shown in 
Fig. 1 and listed in npcendix C. On only one occasion (October 1980) 
does the pore water Mn curve indicate a steady state reaction profile 
typical of s ediments from areas with high sedimen tat ion  rates.
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Generally, the pore water Fe carves exhibit large s ubsurface maxima 
that seasonally vary in depth and magnitude. Interstitial ammonia and 
phosphate profiles at WA2 are charac ter ize d by large dif ferences 
between cruises and significant variation between two cores collected 
in December 1980 (Fig. 2). Nitrate and nitrite c onc ent ra ti on s  are 
generally low except in the surficial sediment sections (Appendix D ) .
Interstitial water profiles for Mn at station WA1 (Fig. 3) are 
more va riable in shape than those at W A 2; however, subsu rfa ce peaks in 
Fe occur less frequently and are smaller in m a g nitu de than those for 
the station 3 km closer to the W i l s on -B l o s s o m River. Ammonia and 
phosp hat e co nc en t r a t io ns  (Fig. 4) in the interstitial water are less 
variable and lower than those at WA2. In November 1979, April 1980, 
and June 1980, the ammonia profi les  seem to be approaching an 
asymptotic value, and the Mn and Fe c o n ce nt r a t i o ns  are generally low, 
with the highest levels at the sediment -wa ter  interface. By September 
1980, a s ubs urf ace  Fe peak has d eveloped and ammonia levels are 
reduced. In October 1980, the subsurf ace  Fe peak has reached 165 umol 
L ~ l with sharp gra dients in both directions. D ete cta ble  Mn is 
observed throughout the core. In March 1981, the ammonia values are 
extremely low; the Fe and phosp hat e profiles exhibit broad, subsurface 
peaks. One month later, in April 1981, the Fe and ph osphate peaks 
have diminis hed  and ammonia levels have increased. The August 1981 
profiles of Fe, Mn, phosphate, and ammonia are similar in form to 
those from September 1980.
S s e a t  on Bay B a s i n
Cores were collected at station SBO at less frequent intervals
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than at WA1. Interstitial Mn and Fe profiles are shown in Fig. 5 and 
nutrients in Fig. 6. As at station WA1, the interstitial Fe has a 
strong s ub sur fac e peak in March 1981 that is repeated in April 1982 (a 
time when WA1 was not sampled). In August 1982, there is a large
surface peak in Fe and a smaller peak in Mn. At all three samp ling
times (June 1980, December 1980, and August 1982), none of the ammonia 
profiles approac hes  an asymptotic value but are increasing with depth.
Fig. 7 shows the pr ofiles for interstitial Mn and Fe at station 
SB1. S ub sur fac e Mn peaks occur at three times: March 1981, January
1982, and April 1982. Although there is c on si d e r a bl e variation
between d up lic ate  cores, the Fe c o n c e n tr at i o n s  reach high levels in 
March 1981 as observed at stations WA1 and SBO. Like WA1, by June
1981, the s u b - sur fac e peak has de creased and in August and September
1981, Fe levels are low. In 1982, su bsurface Fe c on c e n t ra ti on s  are 
nigh in January and April. The later profile was also observed at 
SBO. Nutrient profiles (Fig. 8) shew that small scale horizontal
variab ili ty in the ammonia c o n c e n tr at i o n s  are as great as seasonal 
variations. As observed at W A 1 , the ammonia co nce nt ra t i o ns  are
extremely low in March 1 9 8 i (less than IB umol L ~ 1) throughout the 
core. Pho sph ate  co nce n t ra ti o n s  are less than 25 umol L _1 at all times 
sampled and vary little with depth.
Temporal variat ion s at SB1 are also seen in the solid phase. 
Fig. 9 shows the sediment pr ofiles for total Mn and Cu in March 1981,
June 1981 and August 1982. The sediment Cu profile in March 1981 is
virtually constant with depth but has a subsur fac e peak in June 1981 
and August 1982.
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Main Basin of Boca de Quadra
Pore water profiles for Mn and Fe at station BQ9 are shown in 
Fig. 10. Mn co nc en tra tio ns are highest in the surficial sediments and 
are consi der abl y higher than at any other station sampled. All the Fe 
curves reach a subsurface maxima and become u nde te ct a b l e  below 
a pp rox ima tel y 6 cm depth. The highest Fe c o n c en tr a t i on s are observed 
in August and September 1980. With the e xc ept ion  of the core 
collected in  June 1980, all the p h o sph ate  pr ofi les  have subsur fac e 
maxima (Fig. 11). Generally, the ammonia curves seem to be 
approaching an asymptotic value at depth except in August and 
September 1981.
DISCUSSION
General Patterns of Seasonal and Spat ial Variation m  Pore Hater
Profiles
Seasonal patterns in pore-water profiles from Smeaton Bay and 
Boca de Quadra are difficult to discern because they are complicated 
by small scale horizontal v a r i a bil ity  and episodic events. Unlike 
biotu rba tio n and b ioi rri gat ion  which tend to h o m o g e ni ze  interstitial 
water pr ofiles but do not change the total inventory of solid phase 
tracers like 2 l o Pb, physical slumping and mixing can actively 
transport sediment from one location to another. Therefore, a time- 
series of interstitial water pro files from a given station in Smeaton
Bay or Boca de Quadra may represent condi tio ns where the solid phase
is not constant. A conceptual analogy may be made with fluid
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Fig. 10. a. Inter s t i t i a l  Mn  vs. depth at s tation BQ9. 
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dynamics. Most sediment studies involve movement by bioturbation, and 
are Lagrangian in nature. That is, like a drifting buoy, these 
studies descr ibe  motion in a fixed element and regard pa rameters (T, 
S°/oo, con centration, velocity) as a function of that element and 
time. In the case of the buoy, the motion is in the horizontal 
direction and the water parcel remai ns constant, while for the 
biotur bat ed sediment the motion is in the vertical direction with the 
total sediment column below a given area r emaining unchanged. In a 
dynamic fjord like Smeaton Bay, the time series pore water profiles 
describe an Eulerian system, a crude sediment analogy to a moored 
current meter, where we regard the c o n c en t r a t io ns  as a function of a 
fixed position in space (latitude, longitude, di sta nce  from physical 
markers) which we follow in time. However, unlike a current meter 
which frequen tly  records veloci tie s (giving speeds and direction of 
movement), our sediment sampler gives only c o n c e nt ra ti o n s  at 
infrequent intervals from which we must e x t r apol ate  and speculate. 
The lim ita tio ns of our time series record obtained by dis crete coring 
and removing interstitial water by squeezing are: (1) sediment
movement is irratic, often limited in extent, and may or iginate from 
the w atershed or another location within the fjord, (2) sampling 
intervals are likely to be ins ufficient to record all the major events 
occurring at dynamic locations, espec ial ly near river outfalls, (3) 
shipboard station positio nin g is not precise enough to eliminate small 
scale spatial v ariability in cores collected at the same time, and (4) 
using squeezers to process sediment integrates c o n c en tra tio n gradients 
occurring over several cms of depth, effe cti vel y removing vertical
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fine structure. In particular, the grad ien ts of solutes at the 
sedimen t-w ate r interface will be strongly dependent upon how carefully 
the flocculent surface layer is retrieved. Having outlined the 
limitations placed upon our approach, we will attempt to de termine 
likely proce sse s r es pon sib le for observed interstitial water
di stributi ons.
s) Hi 1 son Art
Interstitial water profiles at WA2, the station closest to the 
W i 1son-Blo sso m River outfall, show the greatest seasonal and small 
scale spatial (between cores co llected on the same cruise) variation. 
Ph osphate and ammonia c o n c en tr a t i o ns  are c o n si de r a b l y  higher at this 
station than at WA1, the other r el ati vel y shallow station in Wilson
Arm. One plau sib le explana tio n for this ob ser vat ion  is that because 
WA2 is closest to the river outfall, it receives s i g n if ic ant ly more N- 
and P-rich pa rti cul ate  m a t t e r .associated with salmon spawning in 
August. However, there are no distinct seasonal increases in these 
nutrient species in interstitial water that can be attributed to 
salmon, as have been observed in the river water (Sugai and Burrell,
1984). This may be because the fall storms that are r es p ons ibl e for
much of the deep mixing at r ive r- do m i n a t ed  stations (Chapter 3), occur
soon after the reactive fish debris is deposited. This riverine
mixing is likely r esp ons ibl e for the large variation observed in 
" du p l i c a t e” cores collected in October 1980 (Figs. la, lb), December 
1980 (Figs. 2a, 2b), and August 1982 (Figs. lc, Id). While the
general shapes are similar for ail profiles except the Mn
d is tri but ion s in October 1980, the range of c o n c en tr at i o n s obtained
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from sediment inhomo gen eit y is in some instances as great as the 
seasonal variation. Elde rfi eld  et al. (1981) observed similar 
"patchiness" in interstitial water profiles from Narr aga nse tt Bay 
which they attributed to infauna population d if fer enc es over small 
a r e a s .
The interstitial water profiles for Mn, Fe, and ammonia at 
station WA1 suggest a site influenced by several events during the 
three years sampled, but one in which solute exc hange between sediment 
and overlying water at times may be described by a diff usi ve flux. 
Small scale variation between cores collected during the same cruise 
(Figs. 3 and 4) are gen era lly  less than at WA2, the station closer to 
the river. In August 1982, a 10-cm long worm tube was observed in one 
of the cores collected for Fe and Mn, but as seen in Figs. 3b and 3d, 
the r esulting v ariation between du pli cat e cores is minimal.
h ) S w e a t  on S a y
The Mn profi les  for interstitial water from the main basin of 
Smeaton Bay (stations SBO, SBI) suggest that during relatively 
quiescent periods between sediment slumps (Chapter 3), the flux of Hn 
from the sediment -wa ter  i nterface is controlled by the availa bil ity  of 
labile organic matter. Although our sampling interval precludes 
dete rmining a direct rela tio nsh ip between recent prim ary  prod uct ivi ty 
in the ove rlying water and calcula ted  Hn fluxes from the sediment, our 
data suggest that estimates of the d iffusive Mn fluxes resulting from 
interstitial water profiles are highest in the summer (June 1981, 
August 1982). U n c er ta int ies  in predicting solute fluxes from
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interstitial water profiles are large (especially in the possible
presence of n o n- dif fus ive  m ec han ism s en hancing transport), and
significant errors can result from dis tur ban ce of the high porosity
surface layer during coring, choice of diffusion coefficient, and
diffu siv e flux e stimates can indicate relative conditions, which are 
the ob jective here. Sedi men t-w ate r flux esti mat es for Mn at station 
SB1 (Table 1) were calcul ate d using the expres sio n (Berner, 1971)
where: J = flux from sediment to overlying water, umol c m -2 s -1 
= sediment porosi ty at interface 
Ds = bulk sediment d iffusion coe ffi cie nt at interface, 
taken to equal 3.65 x 10-A c m 2 s“l at 4°C (Aller, 1980)
/3c \ = pore water c o n c e n trat ion  gradient at sediment- wat er
I 37 / interface, umol cm~ +
Our results agree with the findings of Hunt (1983) from mesocosm 
studies in N arr agansett Bay. Hunt (1983) found that during summer, 
the Mn flux was strongly corre lat ed not to temperature, but to the 
average primary pro duc ti v i t y  during the month preceding the flux 
determination. This is in contrast to studies in Buzzards Bay, 
M a ss a c h us et ts  (Sholkovitz and Mann, 1984) and Long Island Sound (Aller 
and Benninger, 1981) that suggest that t em p era tur e d ep end enc e of the 
di sso lution reaction is pri mar ily  r e sp ons ibl e for the seasonal 
variation in fluxes. Elderfield et a l . (1981) suggest that temporal
variation in interstitial water profiles is most likely when 
bi oturbation rates are low and the competing effects of physical
insufficient data near the sediment- wat er interface However
J 8
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Table 1.
Diff usi ve Mn Fluxes Calcul ate d From Pore Water Profiles 
at Smeaton Bay Basin Station, SBI
Mn c onc ent rat ion  J
Date Collected umol L _1 umol cm - a g -
March 1981 7. 14 3.03 X lO-0
June 1981 24.3 1 1 . 0 X 10“B
August 1981 11.6 3.94 X 10~8
September 1981 17.2 6. 87 X 1O-0
January 1982 4.6 1.56 X 10-B
August 1982 23. 9 7. 73 1O-0
1 0 6
(bioturbation) and chemical (metabolism) activ ity  are more delic ate ly 
balanced; conditi ons  believed to exist in Smeaton Bay during non- 
disturbed periods.
Large su b-s urf ace  increases in interstitial Fe (Figs. 5b, 7c, 7d) 
are observed in winter and early spring (March 1981, January 1982, 
April 1982) and likely represent an abiogenic oxi dation of Fe- sul fid es 
occurring during times of enhanced physical mixing. As suggested by 
Aller (1980), becau se the o xidation of F e- s u l f id es  is rapid, the
release might be best c o n ce ptu ali zed  as a colloid flux. Colloids of 
Fe-oxides would easily pass through the glass fiber filters used in 
sediment processing, and would o p e r a tion all y be included in the pool 
of "dissolved" interstitial Fe. Winter profiles for ammonia (Fig. 8b) 
at SB! are consistent with the h yp oth esi s of physical mixing in
winter. Decreased ammonia co nce nt r a t i on s suggest that the diagenesis 
of organic matter has been interupted with r esultant removal of 
ammonia from the interstitial water to the overlying water.
c ) Boca de Quadra
As seen in Chapter 3, station BQ9, in the main basin of Boca de 
Quadra, is not subject to the frequent mixing events observed in
Smeaton Bay and other areas of Boca de Quadra. The interstitial Hn
and Fe profiles (Fig. 10) indicate reducing c ond i t i o ns  very near the 
sediment- wat er interface, and the resultant diffu siv e flux of Mn is 
1.23 x 10“* umol c m - 2 s - ‘ ',38.7 umol c m“2y r - *). The diffu siv e Mn flux 
estimated from the interstitial water profile at BB9 is high compared 
to other marine environments, especi all y when t em p e r a tu re  effects are 
considered. Mn fluxes predicted from pore water pro files from the
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Mississippi River delta range from 0.5 - 15 umal c m _2y r“1 (Trefry and 
Presley, 1982). Chamber e x p er ime nts  in N arr ang ans ett  Bay yield Mn 
fluxes of 7 - 18 umol Cfn-2 y r -1 (McCaffrey et al., 1980). At 4°C in 
Long Island Sound (Aller, 1980), Mn fluxes estimated from pore water 
profiles (which were in all cases greater than those determined from 
direct measurements) ranged from 3 - 9  umol c m ~ 2 y r _ l . As will be 
shown in the following section, Mn c o n c en tr a t i o ns  in the interstitial 
water of B89 appear to be contro lle d by sa turation with r hod och roc ite  
or similar Mn carbonates. The v ari abi lit y observed in the 
interstitial p hosphate and ammonia profiles at station BQ9 probably 
r e pre sen ts small scale sediment i nhomogenei ty rather than seasonal 
di fferences.
Th ertodynatic Control on Pore Hater Concentra tio ns
Th erm ody nam ic c a lcu lat ion s were madp to d e te rmi ne whether the 
formation of authigenic miner als  can control the solubil ity  of F e 2 *, 
H n 2'", and P O * 3- in the se diments from Smeaton Bay and Boca de Quadra. 
The degree of saturation of interstitial water was estimated by 
comparing the ion activity product, IAP, of the ions in solution with 
the th erm ody nam ic solubil ity  product, KB o. This requires for an 
electrolyte, CA, where C is the cation, and A, the anion, that K»o, 
(which = ac aA ) , is known at a given t emp era tur e and pressure. The IAP 
was calcul ate d from measured mol al i t i e s (i#i) in the pore waters and 
the individual ion activity co eff ic ie n t s  of the free ion ( Y  t F  and of 
the free plus ion-paired ion ( y i ) T tor a given temperature, pressure, 
and ionic strength, I. I was calcul ate d from the expression:
1= 0.5 ( T, n u z ! 2 ) 
i
where, j t is the charge of ion i .
Ion activity products were c alculated for siderite (FeCQ3 ) , 
r h o d o c hro sit e (MnC03 ), v i v iani te (Fe3 (PQ*)2 8H 2 G ) , and reddingite 
(Mn 3 (P0 4>2 3 H 2 Q) for cores from Wilson Arm (station WA1, 4/80 and 
10/80) and Boca de Quadra (BQ9, 10/80) Total a l k ali nit y was assumed
equivalent to car bon ate  alkalinity. The reactions, solubility 
products, and r efe ren ces  are given in Table 2.
The results of the c alc ul at i o n s  are plotted as -log IAP vs depth 
for station BQ9 in October 1980 and station WA1 in April and October 
19S0 (Fig. 12). The pore waters are saturated with respect to 
rh od oc hro sit e in the surface sections of BQ9 s uggesting that mixing is 
relatively infrequent at this station, in agreement with results from 
the 2 l o Pb and 137Cs geochronologies. By contrast, interstitial waters 
at WA1 are under saturated with respect to this Mn carb ona te at all 
depths sampled both in April and October. Log Q , the degree of 
saturation, where ^ = (IAP/KSo>, is -0 . 6 (slightly undersaturated) for 
the Fe carbonate, siderite, in the second section of the core 
collected in April 1980 at WA1 and becomes more neg ati ve both above 
and below this section. In October 19B0, when interstitial water 
profiles suggest an active mixing event, log ft = -1.5 for siderite. 
Vivianite and reddingite, the Fe and Mn p hos pha tes  are undersatu rat ed 
at both stations by a factor of 1 0 3 or more.
SUMMARY
Temporal varia tio ns in interstitial water pr ofiles from shallow 
and basin stations in Smeaton Bay indicate that episodic physical
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Table 2. Solubility Products for Selected Iron and Manganese Solids
Reaction -log Kso T(°C)
Reference
Siderite
2+ 2- FeC03« Fe +  C03 10.4 5 Stunnn and Morgan
(1970)
Rhodochrosite
2+  2- MnC0,» Mn +  CO, 10.5 10 Robbins andJ J Callendar (1975)
Vivianite
Fe3 (P04 )2'8H20 =■ 3Fe2++ 2P0 3_+ 4 8H 20 33.5 5 Tessenow (1974)
Reddingite
M n3 (p04)2 -3H 20 - 3Mn2++ 2P0.3-+ 4 3H20 31.8 5 Tessenow (1974)
( Y F e 2 + ) T » (%Free)(YFe2+)F = 2 .9 9  x  1 0 " 2
(%Fe free) = 13% at pH 7.5 (Kester et al., 1975)
(y„ 2+) = 0.23 (by analogy to Ca2+)r6 r
(Ypo 3-) = (%Free)O'pQ 3-)p = 3.3 x 10' 5
4 3- 4(%P04 J free)- 0.1% (Atlas, 1975)
T p g  3-)F = 0.033 (Atlas, 1975)
4
r„. 3-j (measured phosphate conc.)
L '  a J t  2 , [ H+J  , L
k1k2k3 k2k3 k3
where: 1.95 x 10 2
K2- 7.82 x 10~ 7 (Atlas et a l . , 1976)
K 3- 1.00 X 10-9
(Yco 2_)t = ° ' 03 <Berner- 1971>
W I
_ (titration alkalinity)
'  rj3+1
K2
where: K 2= 7.9 x 10_1°
= 3.9 x 10' 2 (Li et al., 1969)
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Fig. 12. a. -Log (IAP) vs. d e p t h  for rhodochrosite.
b. -Log (IAP) vs. detph for siderite.
c. -Log (IAP) vs. d epth for reddingsite.
d. -Log (IAP) vs. d epth for vivianite.
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mixing and the supply of r eactive organic matter control the flux of 
reactive solutes. Because of frequent mixing in Smeaton Bay, 
thermodynamic c ontrols on Mn, c e , and phos pha te c o n ce nt ra t i o ns  are not 
observed. In contrast, reducing co ndi ti on s  in sedi men ts from the main 
basin of Boca de Quadra result in large M n 2 * fluxes. The interstitial 
Mn c o n c e n t ra ti o n s  appear to be in e q ui lib riu m with r ho do c hro sit e or 
similar Mn carbonate.
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Appendix C . Sediment characteristics of interstitial wat
Depth z Mn Fe Mn Cu
cm cm umol/L umol/L ug/g ug/g
W A 2 (2) 9/18/80
0 .0- 2 .0 1.0 4.7 92.4
2.0- 4.0 3.0 4.7 29.0
4.0- 6.0 5.0 5.7 10.7
6 .0- 8 .0 7.0 5.4 10.2
8 .0- 10.0 9.0 6.2 24.2
10.0- 12.0 11.0 5.4 1.9
W A 2 (1) 10/8/80
0.0- 2.5 1.2 26.8 30.
2.5- 4.5 3.5 18.1 202.
4.5- 7.0 5.8 8.5 193.
7.0- 9.5 8 .2 5.1 104.
9.5-12.0 10.8 3.8 125.
12.0-14.0 13.0 5.4 39.
WA2(2) 10/9/80
0.0- 3.5 1.8 5.4 4.3
3.5- 6.0 4.8 5.2 45.3
6 .0- 8 .0 7.0 5.0 91.3
8.0-10.5 9.2 7.6 143.
10.5-12.5 11.5 7.4 49.0
12.5-14.5 13.5 7.6 4.3
W A 2 (1) 3/15/81
0 .0- 2.2 1.1 49.1
2.2- 4.6 3.4 60.7
4.6- 7.0 5.8 12.7
7.0- 9.5 8 .2 9.0
9.5-11.9 10. 7 5.7
11.9-14.2 13.1 5.0
W A 2 (2) 4/11/81 
0 .0- 2.3 1.2 21.7 129.
2.3- 4.8 3.6 16.0 192.
4.8- 7.0 5.9 27.0 194.
7.0- 9.3 6 .2 31.2 149.
9.3-11.6 in . 4 24.1 59.3
11.6-13.8 12.7 14.4 13.1
er cores from Smeaton Bay and Boca de Quadra. Trace metals.
Depth z Mn Fe Mn Cu
cm cm umol/L umol/I. ug/g ug/g
W A 1 (3) 11/19/79
0.0- 2.4 1.2 24.8 16.4
2.4- 4.8 3.6 9.5 0 .6
4.8- 7.0 5.9 3.8 1.0
7.0- 9.4 8.2 8.1 ------
9.4-11.7 10.6 3.6 2 .0
WA1(1) 4/11/80
0.0- 2.5 1.2 2.7
2.5- 4.5 3.5 4.3
4.5- 6.5 5.5 1.9
6.5- 9.0 7.8 0.4
9.0-11.0 10.0 0 .2
11.0-13.0 12.0 0 .0
W A 1 (3) 4/11/80
0 .0- 2 .0 1.0 11.2 0.3
2.0- 4.5 3.2 11.7 2.6
4.5- 7.0 5.8 13.4 0 .8
7.0- 9.0 8 .0 12.9 0.1
9.0-11.0 10.2 12.0 0 .2
11.5-13.5 12.5 8 .8 0.4
W A 1 (4) 4/11/80 
0 .0- 2 .0 1.0 2.7
2.0- 4.5 3.2 6.2
4.5- 7.0 5.8 6 .0
7.0- 9.0 8 .0 3.4
9.0-11.5 10.2 5.2
11.5-14.0 12.8 4.5
W A 1 (2) 6/19/80 
0 .0- 2 .0 1.0 38.6 26.2
2.0- 4.5 3.2 14.0 16.1
4.5- 7.0 5.8 5.8 0.1
7.0- 9.0 E.O 9.5 0.3
9.0-11.0 10.0 4.5 0 .6
11.0-13.0 12.0 3.9 0 .6
WA2(2) 1/11/82
0.0- 3.0 1.5 8.1 7.3
3.0- 6.0 4.5 4.6 32.2
6 .0- 8 .2 7.1 3.1 17.0
8.2-10.5 9.4 9.2 39. 7
10.5-13.0 11.8 14.3 85.4
13.0-15.3 14.2 18.7 76.6
W A 2 (1) 6/6/82 
0.0- 2.5 1.2 2.4 51.2
2.5- 5.4 4.0 2.3 88.8
5.4- 7.8 6 .6 1.9 27.9
7.8-10.1 9.0 4.2 12.2
10.1- 12.2 11.2 7.8 23.6
12.2-14.7 13.4 10.4 28.5
W A 2 (1) 8/26/82 
0.0- 2.3 1.2 7.3 34.6
2.3- 4.7 3.5 3.2 46.8
4.7- 7.0 5.8 3.0 17.9
7.0- 9.3 8 .2 3.3 2.2
9.3-11.7 10.5 3.5 1.3
11.7-13.8 12.8 2.8 1.1
13.8-15.7 14.8 2.3 1.2
15.7-17.7 16. 7 2.5 1.1
17.7-20.1 18.9 2.2 3.2
20.1-22.5 21.3 1.6 0.9
22.5-24.6 23.6 1.1 0.9
24.6-26.7 25.6 0.3 1.2
W A 2 (2) 8/27/82
0 .0- 2 .0 1.0 11.2 14.0
2.0- 4.5 3.2 5.7 65.7
4.5- 6 .8 5.6 5.8 38.3
6 .8- 9.2 8 .0 7.5 22.9
9.2-11.6 10.4 10.2 25. 1
11.6-14.0 12.8 8.7 2.9
14.0-16.2 15.1 7.7 1.6
16.2-18.6 17.4 5.9 1.5
18.6-21.0 19.8 3.4 0 .6
21.0-23.5 22.2 1.3 0.7
23.5-25.5 24.5 0.3 0.9
25.5-27.5 26.5 0.4 1.7
WA1(3) 9/18/80
0 .0- 2 .0 1.0 8 .0 0.1
2.0- 4.5 3.2 10.7 10.6
4.5- 7.0 5.8 11.7 22.6
7.0- 9.0 8 .0 7.4 15.9
9.0-11.5 10.2 7.4 1.4
11.5-13.5 12.5 6 .6 5.2
W A 1(2) 10/9/80
0.0- 2.5 1.2 13.2 16.1
2.5- 5.0 3.8 26.0 165.
5.0- 8.0 6.5 22.9 3.5
8 .0- 10.0 9.0 15.9 0.1
10.0- 12.0 11.0 9.0 1.0
12.0-14.0 13.0 7. 1 2.5
WA1(1) 3/14/81
0.0- 2.5 1.2 14.9 552 46
2.5- 5.2 3.8 72.8 487 43
5.2- 7.7 6.4 99.4 500 39
7.7-10.2 9.0 157. 500 46
10.2-13.0 11.6 137. 524 42
13.0- 16.0 14.5 77.2 498 48
WA1(1) 4/11/81
0 .0- 2.6 1.3 3.5 0 .2
2.6- 5.1 3.8 4.4 15.7
5.1- 7.0 6 .0 3.7 1.1
7.0- 9.0 8 .0 2.8 1.1
9.0-10.9 10.0 3.6 4.0
10.9-13.1 12.0 3.0 4.6
W A 1 (2) 4/12/81 1
0.0- 2.7 1.4 8.4 5.9
2.7- 5.0 3.8 9.8 14.3 1
5.0- 7.3 6.2 6.3 5.9
7.3- 9.5 8.4 5.9 1.7
9.5-11.9 10.7 5.5 0 .8
U . 9-14.2 13.0 5.2 0.9
W A 1 (3) 8/10/81
0.0- 2.3 1.2 8.2 0.1
2.3- 4.8 3.6 11.8 29.9
4.8- 7.1 6 .0 11.5 17.0
7.1- 9.8 8.4 13.0 43.7
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Depth
era
z
cm
Mn
umol/L
Fe
umol/L
Mn
ug/g
Cu
ug/f
W A 1 (3) 8/10/81 (cont.)
9.8-12.0 10.9 13.5 26.5
12.0-14.3 13.2 10.0 0.7
WA1(1) 8/26/82
0 .0- 2 .0 1.0 9.9 0 .2
2.0- 4.3 3.2 8 .8 5.6
4.3- 6 .8 5.6 7.2 2.3
6 .8- 9.0 7.9 6 .0 0.2
9.0-11.4 10.2 5.0 0 .2
11.4-13.7 12.6 4.9 0 .2
13.7-16.2 15.0 4.7 0 .2
16.2-18.2 17.2 4.2 0 .2
18.2-20.5 19.4 4.2 0 .2
20.5-22.8 21.6 3.8 0.3
22.8-25.2 24.0 3.5 1.2
25.2-27.7 26.4 2.8 0 .2
W A 1 (2) 8/28/82
0 .0- 2 .0 1.0 15.1 1.7 392 61
2.0- 4.5 3.2 8.5 5.8 392 58
4.5- 6 .8 5.6 9.2 0 .6 376 60
6 .8- 9.2 8 .0 6.4 0 .8 380 59
9.2-11.4 10.3 5.1 0.5 388 59
11.4-13.7 12.6 4.6 0 .6 375 54
13.7-16.0 14.8 4.7 0.4 388 55
16.0-18.2 17.1 5.2 0.3 392 49
18.2-20.5 19.4 4.0 0.3 396 54
20.5-23.0 21.8 3.1 0.9 381 50
23.0-25.4 24.2 2.5 0.5 392 49
25.4-27.8 26.6 2.3 1.1 380 49
SB0(1) 3/14/81
0 .0- 2 .0 1 .0 16.8 5.0
2.0- 4.5 3.2 9.3 89.0
4.6- 6 .6 5.6 10.2 49.6
6 .6- 9.0 7.8 11.0 61.1
9.0-11.2 10. 1 11.2 47.4
11.2-13.7 12.4 10.0 27.9
Depth
cm
z
cm
Mn
umol/L
Fe 
umol/L
Mn
ug/g
Cu
ug/l
S BI(1) 6/13/81
0.0- 1.5 0 .8 24.3 2.2 338 70
1.5- 3.9 2.7 11.5 53.0 340 65
3.9- 6.2 5.0 9.9 55.3 352 60
6 .2- 8 .6 7.4 8 .2 22. 3 336 82
8.6-10.9 9.8 7.4 8 .6 305 74
10.9-13.3 12.1 7.2 12.2 340 100
SB I (1) 8/9/81
0 .0- 2 .0 1.0 11.6 0.3
2.0- 4.5 3.2 9.4 11.3
4.5- 7.0 5.8 7.3 2.5
7.0- 9.4 8.2 7.1 2 . 1
9.4-12.0 10.7 7.4 0 .6
12.0-14.3 13.2 7.1 1.6
S BI(1) 9/15/81
0.0- 1.7 0 .8 17.2 15.7
1.7- 4.1 2.9 5.2 2.2
4.1- 6 .6 5.4 4.1 1.7
6 .6- 8 .8 7.7 4.4 0 .8
8.8-11.4 10.1 5.0 1.1
11.4-13.7 12.6 5.1 2.4
SBI(1) 1/12/82
0 .0- 2.0 1.0 4.6 —
2.0- 4.0 3.0 3.7 18.1
4.0- 5.8 4.9 11.5 6 .2 i
5.8- 8.3 7.0 6.3 41.2
8.3-10.7 9.5 4.8 22.2
10.7-13.3 12.0 4.5 9.7
SBI(1) 4/11/82
0 .0- 2.0 1.0 17.3 12.0
2.0- 4.5 3.2 19.3 97.9
4.5- 6.8 5.6 15.8 33.3
6 .8- 9.4 8.1 11.9 41.5
9.4-11.8 10.6 12.7 45.1
11.8-13.8 12.8 12.7 29.5
SBO(l) 6/15/81
O.O- 2.4 1.2 23.9 10.2
2.4- 4.8 3.6 14.7 35.6
4.8- 7.0 5.9 7.9 15.2
7.0- 9.4 8 .2 6.4 10.8
9.4-11.9 10.6 5.5 7.1
11.9-14.2 13.0 5.2 2.0
SBO(l) 4/13/82
0.0- 2.4 1.2 24.8 34.7
2.4- 4.8 3.6 18.0 114.
4.8- 7.0 5.9 11.7 96.2
7.0- 9.3 8.2 10.4 149.
9.3-11.8 10.6 9.7 137.
11.8-14.0 12.9 9.0 96.3
SBO(l) 8/26/82
0 .0- 2 .0 1.0 28.6 98.1
2.0- 4.5 3.2 14.7 79.9
4.5- 6.7 5.6 7.6 4.4
6.7- 9.2 8 .0 5.4 11.0
9.2-11.7 10.4 8 .0 10.7
11.7-14.1 12.9 5.7 15.0
14.1-16.7 15.4 6.5 8.3
16.7-19.2 18.0 6.4 8 .6
19.2-21.9 20.6 6.4 10.9
21.9-24.2 23.0 6 .6 6.7
48.0-50.0 49.0 4.4 1.7
50.0-52.3 51.2 3.9 1.1
S B 1 (2) 3/14/81
0 .0- 2.8 1.4 40.8 441 48
2.8- 5.2 4.0 32.6 433 46
5.2- 7.5 6.4 12.0 436 46
7.5-10.0 8 .8 15.0 441 46
10.0-12.5 11.2 5.6 446 44
12.5-15.0 13.8 11.0 440 47
SB1(1) 3/13/81
0.0- 2.5 1.2 7.1 2.4
2.5- 4.7 3.6 11.8 174.
4.7- 7.4 6 .0 7.4 26.1
7.4- 9.1 8.2 8.1 36.2
9.8-12.2 11.0 6 .8 13.9
12.2-14.8 13.5 6.2 7.9
SB1(1) 8/25/82 
0 .0- 2.1 1.0 23.9 8.2 319 116
2.1- 4.6 3.4 5.7 12.2 340 76
4.6- 7.1 5.8 3.9 1.7 358 68
7.1- 9.8 8.4 3.4 3.0 339 58
9.8-12.0 10.9 3.9 1.2 382 72
12.0-14.3 13.2 4.4 0 .0 350 114
14.3-16.7 15.5 4.6 1.2 338 68
16.7-19.3 18.0 4.8 1.6 345 73
19.3-21.6 20.4 4.7 0.7 342 51
21.6-24.0 22.8 4.8 0.9 375 68
24.0-26.5 24.8 5.0 0.4 358 71
26.5-28.8 27.6 4.7 0.3 345 71
BQ9(3) 6/17/80
0.0- 2.5 1.2 1.0
2.5- 5.0 3.8 2.7
5.0- 7.0 • 6.0 0.8
7.0- 9.5 8.2 0.6
9.5-11.5 10.5 0.7
11.5-13.5 12.5 0.6
BQ9(4) 6/17/80
0.0- 3.0 1.5 1.4
3.0- 5.0 4.0 7.4
5.0- 7.5 6.2 0 .8
7.5-10.0 8 .8 0.4
10.0- 12.0 11.0 0.1
12.0-14.5 13.2 0.4
BQ9(1) 8/11/80
0 .0- 2.0 1.0 0 .6
2.0- 4.5 3.2 ' 19.3
4.5- 7.0 5.8 5.9
7.0- 9.5 8.2 1.5
9.5-11.5 10.5 0 .6
11.5-14.0 12.8 1.2
BQ9(1) 9/19/80
0.0- 2.0 1.0 0.3
2.0- 4.5 3.2 16.8
4.5- 7.0 5.8 0.8
7.0- 9.0 8.0 0.6
9.0-11.0 10.0 0.1
11.0-13.0 12.0 1.7
Depth z Mn Fe Mn Cu
cm cm umol/L umol/L ug/g ug/g
BQ9(4 ) 9/24/80 
0 . 0 -  3 .0  1.5 0 .2
3 .0 -  5 .5 4 .2 33.0
5 .5 -  8 .0 6 .8 1.5
8 .0 - 1 0 .5 9 .2 1.6
1 0 .5 -1 3 .0 11.8 0 .4
1 3 .0 -1 5 .0 14.0 0.1
BQ9( 5 )  9/24/80 
0 .0 -  2 .5  1.2
2 .5 -  5 .0 3.8 44.7
5 .0 -  7 .5 6 .2 3.9
7 .5 -1 0 .0 8 .8 1.4
10. 0- 12.0 11.0 2.4
1 2 .0 -1 4 .5 13.2 1.4
BQ9(2) 10/13/80 
0 . 0-  2 .0  1 .0 504. 0.2
2 .0 -  4 .5 3.2 159. 6.1
4 .5 -  7 .0 5 .8 101. 0 .5
7 .0 -  9 .0 8 .0 82 .6 2 .5
9 .0 - 1 1 .5 10.2 46.4 0 .2
1 1 .5 -1 4 .0 12.8 35.7 0 .2
B Q9(1) 4/13/81
0 . 0-  2.1 1.0 1.2
2 .1 -  4 .7 3.4 4.4
4 .7 -  7.1 5 .9 5.2
7 .1 -  9 .5 8 .3 2.0
9 .5 - 1 2 .0 10.8 1.2
1 2 .0 -1 4 .5 13.2 1.1
BQ9(2) 4/14/81
0 . 0 -  2 .3 1.2 0 .8 1491 71
2 .3 -  4 .6 3 .4 9 .6 957 36
4 .6 -  7 .0 5 .8 2.9 870 40
7 .0 -  9 .2 8.1 4 .0 842 38
9 .2 - 1 1 .2 10.2 0 .7 874 39
1 1 .2 -1 2 .7 12.0 1.2 834 38
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BQ9(2) 8/2/81
0 . 0-  2 .6 1 .3 0.1
2 .6 -  4.Q 3.8 0 .6
4 .9 -  7 .5 6.2 2 .0
7 .5 - 1 0 .0 8 .8 0 .7
1 0 .0 -1 2 .5 11.2 0.1
1 2 .5 -1 5 .0 13.8 0 .2
BQ9( 1 )  9/1/82
0 .0 -  1 .5 0 .8 268 1.0 889 63
1 .5 -  3 .8 2.6 167 2 .5 747 96
3 .8 -  6 .2 5 .0 62.8 0 .6 622 56
6 .2 -  8 .7 7.4 43 .9 0 .2 628 55
8 .7 - 1 0 .7 9 .7 40 .3 0 .8 666 48
1 0 .7 -1 3 .0 11.8 32.6 0 .3 702 46
1 3 .0 -1 5 .4 14.2 31.1 0 .2 679 48
1 5 .4 -1 7 .7 16.6 23.8 0 .2 697 50
1 7 .7 -2 0 .0 18.8 24.5 0 .2 742 51
2 0 . 0- 22.2 21.1 27.8 0 .2 711 49
2 2 .2 - 2 5 .0 23.6 25.5 0 .2 650 46
2 5 .0 -2 7 .5 26.2 24.0 0.2 619 43
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Appendix D. Sediment characteristics of interstitial wat
Depth z P04 NOj N02 NH4
cm cm umol/L umol/L umol/L umol/L
WA2(1) 6/20/80
0 .0 -  1 .5 0 .8 11.84 1.12 0.32 20.32
1 .5 -  4 .0 2.8 10.08 1.28 0 .16 36.48
4 .0 -  6 .0 5 .0 19.68 1.60 0 .16 83.36
6 . 0-  8 .0 7.0 30.72 1.60 0 .16 126.6
8 .0 -  9 .5 8 .8 72.16 1.44 0.32 148.2
9 .5 - 1 2 .0 10.8 33.92 1.60 0 .16 156.5
WA2( 1 )  8/7/80
0 . 0-  2 .0 1.0 ------ 0 .96 0.32 9.92
2 .0 -  4 .5 3.2 11.42 0 .96 0.32 36.16
4 .5 -  7 .0 5 .8 8 .16 0 .80 0 .32 49.60
7 .0 -  9 .0 8 .0 26.40 0 .80 0 .32 61.60
9 .0 - 1 1 .0 10.0 8 .80 0 .80 0 .16 76.16
1 1 .0 -1 3 .0 12.0 14.88 0 .64 0 .16 91.84
WA2(1) 10/8/80*
0 .0 -  2 .5 1.2 1.92 0 .0 5.12 38.15
2 .5 -  4 .5 3 .5 19.39 0 .0 18.75 74.15
4 .5 -  7 .0 5 .8 25.15 0 .0 15.87 67.33
7 .0 -  9 .5 8 .2 3.86 0 .0 8 .50 75.12
9 .5 - 1 2 .0 10.8 83.34 0 .0 9.62 208.4
1 2 .0 -1 4 .0 13.0 112.2 0 .0 5.38 283.1
WA2(1 )  12/13/80
0 .0 -  2 .5 1.2 8.91 0 .0 0.66 11.22
2 .5 -  5 .0 3 .8 10.78 0 .0 1.54 19.36
5 .0 -  7 .5 6 .2 28.05 0 .0 0 .77 35.75
7 .5 -1 0 .0 8 .8 42.68 0 .0 0.66 57.53
1 0 .0 -1 2 .5 11.2 66.99 0 .0 0 .55 70.51
1 2 .5 -1 5 .0 13.8 85.60 0 .0 0.64 81.76
WA2(2) 12/14/80
0 . 0-  2 .0 1.0 5.60 0 .0 0 .32 5.28
2 .0 -  4 .0 3 .0 17.05 0 .0 0.22 19.58
4 .0 -  7 .0 5 .5 37.40 0 .0 0 .33 69.30
7 .- } -  9 .0 8 .0 57.53 0 .0 0 .33 114.0
9 .0 - 1 1 .5 10.2 92.95 0 .0 0.44 176.1
1 1 .5 -1 4 .0 12.8 153.1 0 .0 0.66 226.0
er cores from Smeaton Bay and Boca de Quadra. Nutrients.
Dep th z PO4
cm cm umol/L
WA1(3 )  4/11/80*
0 . 0-  2 .0 1.0 1.42
2 .0 -  4 .5 3 .2 9 .43
4 .5 -  7 .0 5 .8 13.03
7 .0 -  9 .0 8 .0 17.08
9 .0 -1 1 .5 10.2 40.59
1 1 .5 -1 3 .5 12.5 30.06
WA1(1) 6/19/80
0 . 0-  2 .0 1.0 2.56
2 .0 -  4 .0 3 .0 5.28
4 .0 -  5 .5 4 .8 8.32
5 .5 -  8 .0 6 .8 17.92
8 . 0- 10.0 9 .0 17.92
1 0 .0 -1 1 .5 10.8 16.64
WA1( 3 )  9/18/80*
0 . 0-  2 .0 1.0 2.78
2 .0 -  4 .5 3 .2 2.92
4 .5 -  7 .0 5.8 4 .73
7 .0 -  9 .0 8 .0 2.23
9 .0 -1 1 .5 10.2 2.27
1 1 .5 -1 3 .5 12.5 8 .34
WA1(1) 10/8/80
0 .0 -  2 .5 1.2 3.64
2 .5 -  5 .0 3 .8 10.85
5 .0 -  7 .0 6 .0 17.08
7 .0 -  9 .5 8 .2 21.35
9 .5 -1 2 .0 10.8 17.08
12 .0 -1 4 .0 13.0 17.70
WA1(1) 3/14/81
0 .0 -  2 .5 1.2 1.92
2 .5 -  5 .2 3.8 23.36
5 .2 -  7.7 b.<t 56.00
7 .7 -1 0 .2 9 .0 38.28
1 0 .2 -1 3 .0 11.6 125.0
1 3 .0 - l f t .n 14.5 41.92
NO3 N O 2 NH4
umol/L umol/L umol/I
0 .0 2.21 17.79
0 .0 1.18 68.74
0 .0 0.54 96.64
0 .0 0.76 104.6
0 .0 1.12 113.0
0 .0 1.22 111.2
1.28 0 .48 2.72
0 .0 0 .0 24.32
0 .64 0.16 43.68
0 .96 0.16 60.16
0 .80 0.32 70.24
0 .96 0 .48 79.20
0 .0 3.62 7.16
0 .0 2.62 21 . 15
0 .0 7.00 26.53
0 .0 2.88 33.12
0 .0 3.25 43.49
0 .0 3.25 52.66
0 .0 0 .32 . 5.60
0 .0 0 .0 16.48
0 .0 0 .16 31.68
0 .0 0 .48 47.84
0 .0 2.48 52.70
0 .0 2.17 58.28
0 .0 0 .80 2.56
0 .0 0 .96 5.28
O.U 0.96 12.16
0 .0 1.60 21.28
0 .0 2.40 23.36
0 .0 0 .96 26.56
WA2 (1) 4/11/81
0 . 0-  2 .8 1.4 3.74
2 .8 -  5 .3 4 .0 61.60
5 .3 -  7 .7 6 .5 104.6
7 .7 -1 0 .1 8 .9 144.0
1 0 .1 -1 2 .5 11.3 89.12
1 2 .5 -1 5 .0 13.8 74.24
WA2(1 )  1/11/82
0 .0 -  3 .5 1.8 1.28
3 .5 -  6 .5 5 .0 10.24
6 .5 -  9 .0 7 .8 10.72
9 .0 -1 1 .5 10. 3 12.80
1 1 .5 -1 4 .0 12.8 17. 76
1 4 .0 -1 6 .5 25.2 16.48
WA1( 2 )  11/19/79
0 .0 -  2 .4 1.2 4 .06
2 .4 -  4 .9 3 .6 34.58
4 .9 -  7 .2 6 .0 42.84
7 .2 -  9 .5 8 .4 31.62
9 .5 - 1 2 .0 10.8 36.39
1 2 .0 -1 4 .0 13.0 39.93
WA1(2 )  4/11/80
0 .0 -  2 .5 1.2 8 .80
2 .5 -  5 .0 3 .8 2 .40
5 .0 -  6 .0 5 .5 6 .72
6 .0 -  7 .5 6 .8 6.22
7 .5 -1 0 .0 8 .8 7.75
10 .0 -1 2 .5 11.2 16.74
12.46 0 .44 19.25
1.43 0 .77 90.53
0 .0 0 .77 176.6
1.60 1.60 220.5
0 .0 0 .80 25.14
0 .0 0 .80 280.8
0 .0 0 .16 22.24
0 .0 0 .48 48.96
0 .0 0.16 48.48
0 .0 0.01 50.72
0 .0 0 .0 61.92
0 .0 0 .0 74.08
0.35 0 .0 13.96
0.78 0 .0 79.30
0 .0 0 .0 100.5
0 .0 0 .0 109.2
0 .0 0 .0 112.5
0 .0 0 .0 109.7
2.24 0 .48 19.20
2.88 0 .0 56.64
9.12 0 .0 54.72
0.62 0.62 46.50
0 .0 0 .0 51.77
4.34 0 .0 57.04
W A 1 (2) A/12/81*
0 .0 -  2 .7 l . A 3.01 0.3A 3.50 13.52
2 .7 -  5 .0 3 .8 6 .65 0 .0 1.63 63.63
5 .0 -  7 .3 6.2 9.21 0 .0 1.25 116.5
7 .3 -  9 .5 8 . A 23.03 0 .0 1.25 125.0
9 .5 - 1 1 .9 10.7 13. 75 0 .0 1.37 129.7
11 .9—14.2 13.0 19.36 0 .0 1.25 1A3.1
WA1(1) 8/8/81
0 .0 -  2 .5 1.2 3.68 0 .0 0 .80 1 0 .AO
2 .5 -  A . 8 3.6 5.60 0 .0 0.A8 2A.A8
A . 8-  7 .3 6 .0 5.AA 0 .0 0.A8 A2.2A
7 .3 -  9 .8 8.6 5.AA 0 .0 0.A8 60.16
9 .8 -1 2 .1 11.0 7.0A 0 .0 0.A8 67.68
1 2 .1 -1A .6 1 3 .A 7.20 0 .0 0.A8 76.32
WA1(2 )  8/8/81
0 . 0-  2.2 1.1 0 .96 0 .0 0.32 8.32
2 .2 -  A . 7 3 . A 9.AA 0 .0 0 .16 32.00
A . 7- 7.1 5 .9 9.12 0 .0 0 .16 A 7 .0  A
7 .1 -  9 .3 8 .2 9 .60 0 .0 0 .16 6 3 .OA
9 .3 -1 1 .8 10.6 10.72 0 .0 0 .32 72.64
11.8-1  A . 2 13.0 13.76 0 .0 0 .16 81.76
WA1(3 )  8/10/81*
0 .0 -  2 .3 1.2 3.5A 0 .06 3.A5 1 0 .2A
2 .3 -  A . 8 3.6 10.35 0 .0 1 .02 A6.29
A . 8-  7.1 6 .0 1 5 .9A 6.5A 27.96 71.50
7 .1 -  9 .8 8 . A 15.90 0 .0 5.78 75.55
9 .8 -1 2 .0 10.9 6 .75 0 .0 3.60 8 1 .8A
1 2 .0 -1 A .3 13.2 7.93 0 .0 2.17 77.12
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Depth
cm
z P04 NO3 N02 nh4
cm umol/L umol/L umol/L umol/L
SB0(1 ) 6/19/80
0 . 0-  2 .0 1.0 8 .98
2 .0 -  4 .5 3.2 13.44
4 .5 -  7 .0 5 .8 13.44
7 .0 -  9 .5 8 .2 8 .16
9 .5 - 1 2 .0 10.8 8.80
1 2 .0 -1 4 .0 13.0 12.64
SB0(1) 12/14/80
0 .0 -  2 .5 1.2 4.51
2 .5 -  5 .0 3 .8 16.06
5 .0 -  7 .5 6 .2 18.70
7 .5 -1 0 .0 8 .8 17.38
10 .0 -1 2 .5 11.2 19.25
1 2 .5 -1 5 .0 13.8 26.40
S B 0 ( l )  8/26/82
0 . 0-  2 .0 1.0 22.40
2 .0 -  4 .5 3.2 18.80
4 .5 -  6 .7 5 .6 9.12
6 .7 -  9 .2 8 .0 20.16
9 .2 -1 1 .7 10.4 15.20
11 .7 -1 4 .1 12.9 22.40
1 4 .1 -1 6 .7 15.4 24.96
1 6 .7 -1 9 .2 18.0 28.48
1 9 .2 -2 1 .9 20.6 25.44
2 1 .9 -2 4 .2 23.0 38.24
4 8 .0 -5 0 .0 49 .0 34.56
5 0 .0 -5 2 .3 51.2 24.48
SBI ( 2 )  12/13/80
0 .0 -  3 .0 1.5 1.76
3 .0 -  5 .5 4 .2 7.15
5 .5 -  8 .0 6 .8 8 .69
8 .0 - 1 0 .5 9 .2 10.56
1 0 .5 -1 3 .0 11.8 9 .56
1 3 .0 -1 6 .0 14.5 12.65
0 .0 0 .16 10.72
0 .0 0 .32 36.80
0 .0 0 .16 36.80
0 .0 0 .16 28.32
0 .0 0 .16 32.00
0 .0 0. 32 48.00
0 .0 0 .10 4 .40
0 .0 0 .10 22.99
0 .0 0 .10 37.62
0 .0 0 .20 47.30
0 .0 0.20 53.57
0 .0 0 .10 74.03
0 .0 0 .16 16.48
0 .0 0 .16 47.04
0 .0 0 .16 59.68
0 .0 0 .48 64.16
0 .0 0 .16 67.84
0 .0 0 .16 76.96
0 .0 0 .16 92.32
0 .0 0 .16 104.3
0 .16 0 .16 1 16.3
0 .16 0 .16 130.7
0 .0 0 .16 135.0
0 .0 0 .16 90.88
0 .0 0 .33 5.94
0 .0 0.11 21.34
0 .0 0 .0 17.60
0 .0 0.22 32.67
0 .0 0 .0 24.20
0 .0 0 .0 28.60
D e p t h  z
cm cm
PO4 
umol/L
NO3  NO2  NH4
u m o l / L  u m o l / L  u m o l / L
BQ9(1) 6/17/80
0 . 0-  2.0 1.0 48. 32 0 .0 0 .32 37.76
2 .0 -  4 .5 3.2 25.60 0 .0 0 .16 73.60
4 .5 -  7 .0 5 .8 34.56 0 .0 0 .16 99.68
7 .0 -  9 .0 8 .0 29.44 0 .0 0 .16 107.2
9 .0 -1 1 .5 10.2 28.00 0 .0 0 .32 124.8
1 1 .5 -1 4 .0 12.8 23.68 0 .0 0 .32 126.4
BQ9(1) 9/19/80* 
0 . 0-  2 .0  1.0 52.56 0 .0 2.20 77.68
2 .0 -  4 .5 3.2 68.64 0 .0 0.65 187.9
4 .5 -  7 .0 5 .8 62.98 0 .0 0.34 212.3
7 .0 -  9 .0 , 8 .0 61.43 0 .0 0 .0 223.7
9 .0 -1 1 .0 10.0 39.97 0 .0 0 .0 235.1
1 1 .0 -1 3 .0 12.0 52.25 0 .02 0 .05 241.7
BQ9(2 )  9/19/80 
0 . 0-  2 .0  1.0 33.22 1.65 0 .55 38.17
2 .0 -  4 .5 3.2 72.38 0 .55 0 .33 133.5
4 .5 -  7 .0 5 .8 55.66 0.11 0 .33 161.0
7 .0 -  9 .5 8 .2 40.26 0.11 0 .33 182.0
9 .5 -1 1 .5 10.5 32.56 0 .0 0 .33 193.7
1 1 .5 -1 4 .0 12.8 29.04 0 .0 0 .33 185.4
BQ9(3) 9/23/80 
0 .0 -  3 .5  1 .8 21.60 8.64 1.76 47.20
3 .5 -  6 .0 4 .8 104.5 5.60 1.28 85.60
6 .0 -  8 .5 7.2 58,24 5.60 1.44 143.2
8 .5 -1 1 .0 9 .8 49.92 4 .80 2.24 159.8
1 1 .0 -1 3 .0 12.0 47.52 4.32 1.92 '171.5
1 3 .0 -1 6 .0 14.5 41.92 5.44 0.96 178.2
BQ9(1) 10/12/80 
0 .0 -  2 .5  1.2 29.76 0 .0 0 .96 18.72
2 .5 -  5 .0 3.8 72.16 0 .0 0.48 73.12
5 .0 -  8 .0 6 .5 41.76 0 .0 0 .48 98.88
8 . 0- 10.0 9. 0 SO - 56 0 .0 0 .48 1 32.8
1 0 .0 -1 2 .5 11.2 41.28 0 .0 0 .80 150.4
1 2 .5 -1 5 .0 13.8 29.60 0 .0 0 .32 152.0
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SB 1 (1 )  3/13/81
0 .0 -  2 .5 1.2 1.87 0 .55 0 .66 5.28
2 .5 -  4 .7 3 .6 8.64 0.32 0 .80 9.92
4 .7 -  7 .4 6 .0 14.08 0 .0 0 .64 13.44
7 .4 -  9.1 8.2 20.00 0 .0 0 .64 17.44
9 .1 - 1 2 .2 11.0 18.72 0 .0 0 .48 15.22
1 2 .2 -1 4 .8 13.5 17.12 0 .0 0 .48 17.28
S B I ( 1 )  4/11/81
0 .0 -  3.8 1.9 4 .62 0 .77 0 .22 12.21
3 .8 -  6 .2 5 .0 24.53 0 .33 0 .33 57.64
6 .2 -  8 .7 7.4 20.68 0.66 0.44 81.07
8 .7 -1 1 .1 9 .9 20.32 0 .0 0.32 84.80
1 1 .1 -1 3 .5 12. 3 10. 56 0 .0 0.32 90.08
1 3 .5 -1 6 .0 14.8 9.76 0 .0 0 .32 91.36
S B l ( l )  8/9/81*
0 . 0-  2 .0 1.0 4 .58 0 .0 2 .30 27.51
2 .0 -  4 .5 3.2 18.21 0 .0 1.03 87.57
4 .5 -  7 .0 5 .8 18.16 0 .0 0. 38 88.81
7 .0 -  9 .4 8.2 17.20 0 .0 0 .73 91.26
9 .4 - 1 2 .0 10.7 19.73 0 .0 0 .58 91.47
1 2 .0 -1 4 .3 13.2 19.84 0 .0 0 .94 93.91
S B I ( 2 )  8/9/81
0 . 0-  2 .6 1 .3 10.24 3 .36 0. 32 6.24
2 .6 -  4 .8 3.7 19.52 1.12 0 .32 27.84
4 .8 -  7 .2 6 .0 18.88 0 .1 6 0 .1 6 36.00
7 .2 -  9 .4 8 .3 6 .40 0 .0 0 .16 35.68
9 .4 - 1 1 .7 10.6 3.52 0 .0 0 .16 33.28
1 1 .7 -1 4 .0 12.8 6 .72 0 .0 0 .16 29.92
S B I ( 1 )  4/11/82*
0 . 0-  2 .0 1 .0 7 .35 0 .0 2 .09 17.49
2 .0 -  4 .5 3.2 22.21 0 .0 6 .53 41.32
4 . 5 -  6 .8 5 .6 7.59 0 .0 2.10 42.97
6 . 8-  9 .4 8.1 15.91 0 .0 2.42 60.61
9 .4 - 1 1 .8 10.6 20.59 0 .0 2.12 69.48
1 1 .8 -1 3 .8 12.8 12.96 0 .0 2.06 67.34
B09 (3 )  A/15/81
0 .0 -  2 .5 1.2 8.25
2 .5 -  A . 8 3.6 51.37
4 .8 -  7 .6 6.2 59.04
7 .6 -1 0 .2 8 .9 47.52
1 0 .2 -1 2 .7 11.4 33.12
1 2 .7 -1 5 .0 13.8 22. 72
BQ9(1) 8/2/81
0 . 0-  2.2 1.1 20.00
2 .2 -  4 .8 3 .5 24.48
4 .8 -  7 .3 6 .0 63.20
7 .3 -  9 .6 8 .4 26.72
9 .6 -1 2 .2 10.9 23.68
1 2 .2 -1 4 .5 13.4 17.28
BQ9(1) 9/16/81
0 . 0-  2.1 1.1 12.32
2 .1 -  4 .5 3 .3 46.40
4 .5 -  6 .8 5 .6 25.60
6 . 8-  9 .2 8 .0 16.16
9 .2 - 1 1 .8 10.5 13.14
1 1 .8 -1 3 .8 12.8 15.84
0 .99 0 .33 17.60
0.22 0 .33 73.81
0 .0 0 .48 108. 3
0 .16 0 .32 130.7
0 .16 0.32 135.8
0 .0 0. 32 122.9
0 .0 0.48 17.60
0 .0 0. 32 23.52
0 .0 0. 32 65.92
0 .0 0 .32 65.76
0 .0 0 .48 59.84
0 .0 0 .48 97.12
4 .16 0.16 34.08
0 .96 0 .16 80.80
1.12 0 .16 73.92
0.80 0 .16 63.20
0.32 0 .16 67.20
0.32 0 .16 83.84
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5. Postscript (What Does This Mean?) and Thesis Suaaary
fit the outset of this investigation, my o bj ec tiv e was to d e t e r ­
mine the importance of natural organic matter (both terrestrial and 
marine) on the diagen esi s of trace metals in the se diments of Smeaton 
Bay and Boca de Quadra. I assumed that because the bottom waters of 
these silled fjords were virtually isothermal and adv ect ive ly isolated 
for most of the year, sediment pr oce sse s would be steady state. 
However, as demons tra ted  in the previous chapters, the factors 
contro lli ng trace metal and nutrient g eo ch emi str y in my study area are 
complex and varied. In fact, the most obvious conclusion of this 
thesis is that average fluxes of metals, nutrients, carbon, and bulk 
sediment do not exist, except in a conceptual sense for very limited 
areas of the fjords. Because a large perce nta ge of the yearly export 
from the rivers can occur in a single storm event, and because the 
sedi mentation within these steep-si ded  fjords is p unctuated by 
episodic slumping and post-dep osi tio nal  mixing, condit ion s observed on 
a given sampling date cannot easily be e xtr ap o l a t ed  to predict 
co nditions on a yearly or longer interval. While these are not 
conditi ons  unique to Smeaton Bay and Boca de Quadra, I believe that 
the close interaction between terrestrial and marine envir onm ent s 
arising from the high relief and extreme p rec ipi tat ion  makes spatial 
and temporal v ari ability more important in these fjords than 
elsewhere. Perhaps one of the greatest m i s c on ce p t i on s to which a 
graduate student can succumb is that "one more sample" will untangle 
the c omp le xi t i e s  of a natural system. Two hundred and three cores and
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countless water samples later, I find that I m no closer to setting 
boun dar ies  on a "well-behaved" system than I was at the outset. From 
a geochemical standpoint, Smeaton Bay and Boca de Quadra may be two of 
the better studied fjords (certainly in Alaska), but the 
quan tif ica tio n of biogeochemical cycles rema ins  poorly understood. 
Detailed mass balance s of n u t rien ts and carbon have been derived using 
some of the data in this thesis (Burrell, 1984) and work in progress 
(Hong, in prep.), employing sediment traps to collect material for 
de te rm ina tio ns of carbon isotopes, as well as major and minor 
elements, will better qua ntify sediment inputs. However, in this
final chapter, I present some rough c a l c ula tio ns of Mn fluxes which
may be compared with studies from other coastal areas. The reader is
cautioned that in addition to the variability observed in the
interstitial water profiles from which the di ff us i o n - pr ed ic t e d  fluxes 
are calculated, the bottom t opo gra phy  of Smeaton Bay and Boca de 
Quadra is not well mapped. As better e stimates for the surface area 
of active se dimentation become available, flux m e asu rem ent s will be 
ref i n e d .
COMPARISON OF MAN6ANESE FLUXES IN COASTAL ENVIRONMENTS
Decomposi tion of organic matter is highly t em pe ra tur e dependent 
(e.g. Aller and Yingst, 1980), and thus I expected that fluxes of 
reactive solutes from the s ediments of Smeaton Bay and Boca de Quadra 
would be lower than similar me asu r e m e nt s made in tem per ate  estuaries. 
However, the calculated Mn flux from sediments at the deep basin 
station in Boca de Quadra is greater than most reported fluxes (Table
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1) based upon calcu lat ion s from pore water pro f i le s <D P , diffusion 
predicted) and direct me asu r e m en ts  (DM). Higher Mn fluxes were 
observed in shallow waters of the Mexico continental shelf (Sawlan and 
Murray, 1983) and in Long Island Sound (filler, 1980), but water 
temp era tur es there were much higher than in Boca de Quadra. The 
sediments from the main basin of Smeaton Bay are less reducing than 
those from the main basin of Boca de Quadra (Chapter 3,4), resulting 
in s ubst ant ial ly lower Mn fluxes.
NASS BALANCE CONSIDERATIONS FOR MAN6ANESE IN SMEATON BAY AND BOCA DE 
QUADRA
During estu ari ne mixing, the behavior of Mn is generally regarded 
as n o n - c on se r v a t i ve  (Sholkovitz, 1978), with s o l u b 1 ization of Mn from 
suspended p a r t i c ul at e s  (Wilke and Dayal , 1982) and reducing sediments
(Evans et al., 1977, Sundby et al., 1981, Trefry and Presley, 1982)
cont rib uti ng dis solved Mn to the water column. Re cog niz ing  that in a 
fjord such as Smeaton Bay, the river input of Mn in the surface waters 
is e ffe cti vel y decoupled from the deep waters r ec ei vin g the d iffusive 
sediment flux of M n , an est imate of the rel ative impor tan ce of the two 
inputs was made. Because water column pro files of Mn were not 
measured, actual mass bal ances are impossible. Using the annual 
export of total Mn from the Wilson and Blossom Rivers (Chapter 2), the
riverine cont rib uti on of Mn to Seaton Bay is 124 kmol y r - 1 . The
surface area of Smeaton Bay including Wilson and Bakewell Arms is 33 
k m 2 , which I have divided into Wilson Arm (excluding the Wilson- 
Blossom tide-flats): 9.3 k m 2 ; Bakewell Arm: 4.2 k m 2 ; and Smeaton Bay
Table I. Benthic Manganese Fluxes
Sta. Location
Lat.
N° Type
Temp.
°C
Water
depth
m
Flux _ 
umol cm 2yr 1 Ref.
BQ9 Boca de Quadra 55 DP 6 368 38.7 1
BQ3 156 1.6
BQ3A 145 0.4
SBO Smeaton Bay 241 3.1
SB1 252 2.4
SB3 259 1.9
MA1A Marten Arm 208 5.7
MAI 174 0.4
WA2 Wilson Arm 127 0.9
WA1 152 1.6
WAO 162 1.2
BA1 Bakeweii Arm 156 1.3
8 Mississippi 29 DP 21 30 15.3 2
Delta
7 11.6
10 50 9.3
31 50 15.1
12 60 10.0
16 110 6.0
J4 _ 150 0.5
Kiel Bight 54 DM 13 27 13.2(aerobic) 3
41.1(anoxic)
FOAM Long Island Sound 41 DM 22 8 24.4 4
15 5.8
4 2.9
DP 22 62.0
15 22.6
4 9.1
NWC DM 22 15 135.0
15 127.8
4 1.1
DP 22 58.4
15 32.8
4 3.6
DEEP DM 22 34 51.1
15 3.5
4 0.5
DP 22 34 29.2
15 20.4
4 3.3
Narragansett 40 DP 7.3 5
Bay DM (17.8)
Washington slope 47 DP 672 0.02 6
10 Mexico continental 25 DP 10 251 25 7
shelf
14 21 42 314
15 338 44
16 332 11
RES2. 5 Resurrection Bay 60 DP 5 290 12.6 8
References: 1- This study
2- Trefry and Presley (1982)
3- Balzer (1982)
4- Aller (1980)
5- McCaffrey et al. (1980)
6- Jones and Murray (1985)
7- Sawlan and Murray (1983)
8- Reggie and Burrell (1980)
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basin: 17.2 km2 . Assuming that sediment accu mul ate s only on
mo derately sloped areas, I deter min ed that the area of Smeaton Bay 
deeper than 200 m amounted to 7.2 k m 2 or 42'/. of the surface area. 
Applying this same factor to Wilson and Bakewell Arms, I obtained 3.9 
and 1.8 k m 2 , respectively, for the areas of active sedimentation. In 
Boca de Quadra, where more detailed bathym etr y is available, G. Hong 
(Institute of Marine Science, Univ. of Alaska, personal communication) 
has determ ine d areas of active sedime nta tio n for the innermost basin: 
5.5 k m 2 or 47'/. of the surface area; and 4.5 k m 2 or 282 of the surface 
area for the deepest basin. The d i f f us io n - p r ed ic t e d  Mn fluxes were 
ca lculated using interstitial water profiles obtained in August- 
September 1982 (Chapter 3). A mean of the fluxes obtained for 
stations within a basin was used to calculate the annual Mn 
cont rib uti on from each region. The amount of Mn "permanently" buried 
in the sediment was estimated from the product of the mass sediment 
accu mulation and the solid phase Mn c on cen tra tio n below the surf ace 
mixed layer. The results of these calcu lat ion s are shown in Table 2. 
For Smeaton Bay, 447. of the river input is buried. The total sediment 
flux of Mn from Smeaton Bay (including Wilson and Bakewell Arms) is 
249 kmol y r - 1 , or twice that supplied by the W i l s on -B lo s s o m Rivers. 
This s uggests that there is "excess" Mn remobilized from the fjord 
sediments over that delivered by the river.
This apparent "e-cess" Mn may result from an undere sti mat ion  of 
the fresh water flux. As seen in Chapter 2, large c on c ent rat ion s of 
soluble Mn and Fe are supplied to the rivers from the muskegs when the
Table 2. Mass Bala nce  Ca lcu l a t i on s tor Ma nganese 
(All fluxes in units of kmol y r ~ l )
SMEATON BAY
Wi l s o n- Bl o s s o m  River
Secondary streams
Sediment f 1 ux e s :
Smeaton Bay 
Wilson Arm 
Bakewell Arm
A t m o s p h e r 1 c
Recycling within water column 
Sources outside fjord 
TOTAL M EAS URE D INPUTS
I n p u t s
124
40 Estimate
178
48
23
Unknown
Unknown
Unknown
249
Output:
Bur i a l :
Smeaton Bay 
Wilson Arm 
Bakewell Arm
Transport out of fjord
TOTAL M EAS URE D OUTPUTS
31
15
9
Unknown
45
BOCA DE QUADRA
Sediment fluxes:
Boca de Quadra (second basin) 1740
Boca de Quadra (inner basin) 55
Perm ane ntl y buried:
Boca de Quadra (second basin) 50
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watershed is -flushed following an extended dry period. Also, 
secondary streams that enter the fjord th roughout its length 
contr ibu te unmeas ure d Mn. To evaluate the c on tr ibu tio n of smaller 
streams, I ca lculated the Mn flux for Fal seg ate  Creek (Fig. 1) using 
the mean from 8 stream flow m ea su rem ent s and 5 Mn d e te rm ina tio ns
(Appendix E ) . The mean annual flow of 2.4 m 3 s-1 and Mn concen tra tio n
of 83.8 umol m -3 result in an annual flux of 2.6 kmol yr ~ 1 , or less 
than 27. of the es timated river input. Because the W i 1son- Blo sso m 
River drains only 577. of the watershed of Smeaton Bay while smaller 
streams around the perimeter of the fjord drain the remaining 437., a 
significant u n de re s tim ati on in the freshwater flux of Mn is likely. 
Manganese d ete rmi na ti o n s  in several minor streams (Bakeweii Arm Creek, 
Tunnel Creek, Creek draining Lake 793, Fig. 1) indicate that 
conc ent ra ti o n s  of Mn and Fe are f requently higher in these creeks than
in the W i 1son -Bl oss om River (Fig. 2). However, because of the much
smaller volume of water tr ans ported by the secondary streams, it is
unlikely that they contr ibu te more than 20 to 407. of the river flux.
An e sti mat e for the freshwater input of Mn from these streams and 
waterfalls is 40 kmol y r ~ 1, This results in a total f reshwater input 
of Mn to Smeaton Bay of 164 kmol y r _ l .
The apparent "excess" Mn is highly sen sitive to the diffusive 
fluxes of Mn calculated from the interstitial water profiles. As 
shown in Chapter 4, the d ist rib uti on of re active solutes in the pore
waters of Smeaton Bay is highly time-dependent. In the above mass
balance calculations, I use interstitial water profiles and
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s ed ime nta tio n rates de termined on cores from Aug ust - S e p te mb er  1982. 
By doing this, I likely ov ere st im a t e  the sediment flux. As shown in 
Table 1 of Chapter 4, the estimated di ffusive fluxes calculated at the 
basin station, SBi, vary by as much as b 07., and the flux estimated 
from the August 1982 core is r ela tiv ely  high. A decrease in the 
sediment flux by a pp ro xi mat ely  407. removes the "excess" Mn input for 
Smeaton Bay. However, the calcul ate d Mn flux from the sediments in 
the deep basin of Boca de Quadra is 1740 kmol y r - 1 , or more than 10 
times that supplied by the W i l s o n - B lo ss o m  River to Smeaton Bay. The 
combined Marten -Re d River flow is a p p ro xi mat ely  equal to that of the 
W il s o n -B lo ss o m  River, indicating that a much greater apparent "excess" 
of Mn is supplied to the central basin of Boca de Quadra from sediment 
r e m o b i 1 i z a t i o n . Without water column me asurements, it is impossible 
to estimate the quantity of Mn mo bilized from the sediments that is 
recycling within the deep waters of the fjords. In this deep basin of 
Boca de Quadra, where mixing is infrequent and solid phase as well as 
interstitial Mn is greatly enhanced in the surficial sediment, 
r epre cip ita tio n of the solubilized Mn is likely. Thus, on the basis 
of my freshwater and sediment de ter mi na t i o n s in Smeaton Bay and Boca 
de Quadra, I suggest that the fjord sediments are the most important 
input term to a fjord mass bala nce  of Mn. This is in contrast to Robb 
(1981), who based upon o bse rva tio ns of the water column, particu lat e 
matter, and sediment near the head of Boca de Quadra, concluded that 
the Keta River rather than sediment r emo bil iz at i o n  was the domin ate  
source of Mn. As shown in Table 2, the sediment fluxes of Mn are
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lowest in the inner basin of Boca de Quadra, sugges tin g that the 
relative im portance of river input would be greater there. Thus, on 
a total fjord basis, I specu lat e that the sedim ent s are the major 
source of Mn to the water column inside, and, perhaps, outside the 
entrance sill.
THESIS SUMMARY
Close interval sampling of the w atershed and sed iments of two 
pristine, non-glacial fjords in southeast Alaska has shown that:
(1) Because of extremely high p r e ci pit ati on and watersheds 
limited by high relief, river c on ce n t r a t io ns  and exports of phosphate, 
ammonia, and Cu are low for most of the year. The maximu m nutrient 
export from the W i l s o n- Bl o s s o m  River system appears to be closely tied 
to the annual salmon cycle while Cu c onc en t r a t io ns  are flow dependent.
!2) Iron and Mn export rates from the wa ter sh ed s  are much higher 
than those for Cu, reflec tin g s ol u bil iza tio n of Fe and Mn under 
reducing c ond iti ons  that develop in muskeg ponds during drought 
periods. The associ ati on of metals with organics allows transport of 
Fe and pos sibly other metals t hro ughtout the fjord system, in contrast 
with the la rge -scale removal of metals in or near the river's mouth, 
observed elsewhere.
(3) River exports of carbon and trace metals are predomin ate ly 
in the dissolved rather than p ar tic ula te form. The ratio of D0C:P0C 
for the W i l so n- Bl o s s om  Rivers is gener all y in the range of 10 to 30.
(4) Sedimen tat ion  in Smeaton Bay and Boca de Quadra is 
charact eri zed  by frequent physical mixing and episodic slumping. In
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the basins of the fjords, where sediment focusing and less mixing 
occur, the 2 1°Pb sedimen tat ion  rates are 88 + 15 mg c m ~ 2y r - 1 and 
reducing condi tio ns exist near the s ed im ent -wa ter  interface. 
Se dim ent ati on rates in the shallower regions closer to river influence 
are 68 + 39 mg c m - 2 y r _1 with mixing c o e ffi cie nts  ranging from >6.6 to 
>65 c m 2 y r _l r e s po nsi ble  for the observed surface mixed layer. 13 7Cs 
invento rie s suggest that terrestial material is about twice as 
important to the total sediment a ccu mul ati on in Wilson Arm and Marten 
Arm than in Smeaton Bay or Boca de Quadra.
(5) Temporal variat ion s in interstitial water profiles from 
shallow and basin stations in Smeaton Bay i ndicate that episodic 
physical mixing and the supply of react ive  organic matter control the 
flux of re act ive  solutes. Becaus e of frequent mixing in Smeaton Bay, 
thermo dyn ami c controls on M n , Fe, and p hosphate c onc en t r a t io ns  are not 
observed. In contrast, reducing c ond iti ons  in s ediments from the main 
basin of Boca de Quadra result in large fluxes of M n 2 %  which appear 
to be in e q u il ibr ium  with rho d o c hr os i t e  or similar Mn carbonate.
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Appendix E. Additional watershed and interstitial water data used 
in mass balance calculations.
a) Discharge data for Falsegate Creek at Bakeweii Arm (VTN, unpub­
lished data).
Date Discharge
___________________  (cfs)
9-27-78 31.2
5- 2-79 250
8- 8-79 62
11- 8-79 17.4
2-22-80 26.2
5-15-80 97
8-20-80 65
11-21-80 139
b) Manganese concentrations in Falsegate Creek at Bakeweii Arm.
manganese
L-l
Date Acid-soluble i
. . . .  US ■
6-14-81 0.2
10-18-81 2. 1
4-12-82 6.8
6- 5-82 12.1
8-28-82 2.0
;) Diffusive flux calculations for Boca de Quadra inner basin.
Station BQ3 Station BQ3A
-1
C 1= 17.7 umol L ic^= 5.39 umol L 1
z = 1.15 cm z = 1.25 cm
